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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at
Brookhaven National Laboratory. It is funded by the "Rikagaku Kenkyusho"
- (RIKEN, The Institute of Physical and Chemical Research) of Japan. The Center is
dedicated to the study of strong interactions, including spin physics, lattice QCD,
and RHIC physics through the nurturing of a new generation of young physicists.

During the first year, the Center had only a Theory Group. In the second
year, an Experimental Group was also established at the Center. At present, there
are seven Fellows and eight Research Associates in these two groups. During the
third year, we started a new Tenure Track Strong Interaction Theory RHIC Physics
Fellow Program, with six positions in the first academic year, 1999-2000. This
program has increased to include ten theorists and one experimentalist in the
current academic year, 2001-2002. Beginning this year there is a new RIKEN Spin
Program at RBRC with four Researchers and three Research Associates.

In addition, the Center has an active workshop program on strong interaction
physics with each workshop focused on a specific physics problem. Each
workshop speaker is encouraged to select a few of the most important
transparencies from his or her presentation, accompanied by a page of explanation.
This material is collected at the end of the workshop by the organizer to form
proceedings, which can therefore be available within a short time. To date there are
forty-two proceeding volumes available.

The construction of a 0.6 teraflops parallel processor, dedicated to lattice

QCD, begun at the Center on February 19, 1998, was completed on August 28,
1998.

T.D. Lee
August 2, 2001

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.



CONTENTS

Preface 10 the SeTIeS. . o onnetet ittt et e e

Introduction
H. En’yo, N. Saito, T.-A. Shibata, Y. Watanabe, & K. Yazaki..................

Introduction to Hot and Dense QCD
B (772177 2 S TP e eeeeeeeeeaanaaa

Properties of Hadrons in Nonperturbative QCD

Heavy Ion Physics at RHIC
Yo AKRIDA. ..ot ettt e e e et

First Polarized Proton Collisions at RHIC
The Gluon Polarization Measurement by COMPASS and the Experimental Test
of GDH Sum Rule

VA ;[0 27 771 7 R

Laser Electron Photon Experiments at SPring-8
VB - (o) 177 SO

Recent Results on Spin Structure of the Nucleon from HERMES
T —A. SHIEBQEQ.......couvereeaaie et eereete e et teeaeeaeeeaaeeranes

Hadron Physics in Kakuriken
H . YAGMQZAKL........conoenniaei ettt ettt aaaaes

List of Participants

Program of the School

69

109

137

173

203

235

259

279

294

296



Photos 297
Additional RIKEN BNL Research Center Proceeding Volumes 300

Contact Information



Introduction

The RIKEN School on “Quark-Gluon Structure of the Nucleon and QCD” was held
from March 29th through 31st at the Nishina Memorial Hall of RIKEN, Wako, Saitama,
Japan, sponsored by RIKEN (the Institute of Physical and Chemical Research). The
school was the second of a new series with a broad perspective of hadron and nuclear
physics.

The purpose of the school was to offer young researchers an opportunity to learn
theoretical aspects of hadron physics based on QCD and related experimental programs
being or to be carried out by Japanese groups.

We had 3 theoretical courses, each consisting of 3 one-hour lectures, and 6 experimen-
tal courses, each consisting of a one-hour lecture. The list of the lecturers together with
the titles of their lectures are given below.

Lecturers

T. Hatsuda (Univ. of Tokyo) “Introduction to Hot and Dense QCD”

M. Oka (Tokyo Inst. of Technology) “Properties of Hadrons in Non-
Perturbative QCD”

D. Soper (Univ. of Oregon) . “Basics of QCD Perturbation Thoery”

Y. Akiba (KEK) “Heavy Ion Physics at RHIC”?

Y. Goto (RBRC/RIKEN) “First Polarized Proton Collisions at

' RHIC”

N. Horikawa (Nagoya Univ.) “The Gluon Polarization Measurement
by COMPASS and the Experimental
Test of GDH Sum Rule”

T. Hotta (RCNP, Osaka Univ.) “Laser Electron Photon Experiments at

SPring-8”

T.-A. Shibata (Tokyo Inst. of Technology) “Recent Results on Spin Structure of
the Nucleon from HERMES”

H. Yamazaki (Kakuriken, Tohoku Univ.)  “Hadron Physics at Kakuriken
(Laboratory of Nuclear Science)”

Totally 35 students attended the school and actively participated in the program.
The number was more than three times the previous one. We had expected that the
broader choice of the subjects would attract more students but the increase was beyond
our expectation, suggesting that the easily accessible location and the choice of the period
were also important.

The lecturers gave excellent courses which were both pedagogical and inspiring. Though
almost all the students were Japanese, we asked all the lecturers to prepare the trans-
parencies in English and some of the Japanese lecturers to speak in English so that we
could involve Prof. Soper in the discussions during the lectures. There were relatively
long intervals between the lectures and the lecturers were kind enough to talk to students
and respond to their questions during the breaks.

Senior participants, Drs. H. Fujii, M. Hirai, T. Hirano, N. Ishii, A. Kohama, K.
Sudou and Y. Yasui, stimulated the discussions and helped younger students understand
the lectures.



At the end of the school, we asked the participants to write their opinions about the
school. The responses were all positive with some comments on the choice of subjects,
period and location. They were satisfied by the well-prepared lectures and the stimulating
atmosphere. The mixture of theoretical and experimental lectures was both instructive
and useful. Some students wanted to have a longer experimental course on a general
subject together with topical ones. The location was not exciting but was convenient and
enabled many students in Tokyo region to attend the school. The period just after the
JPS meeting was welcomed by most of the participants. These comments are to be taken
into consideration in planning this school series in future.

We are grateful to RIKEN for the financial support which enabled us to organize this
school. The school was held as an activity related to the collaboration with the RIKEN-
BNL Research Center and we thank the director of the Center, Professor T.D. Lee, for the
approval of publishing this proceedings as a volume of the RBRC Workshop Proceedings
Series and general support. We are obliged to the lecturers and the students, both young
and senior, for making the school exciting and fruitful.

Special thanks are due to Ms.Y. Kishino and Ms.N. Kiyama, who did most of the
administrative works and took care of drinks and snacks during the breaks, and Ms.S.
Asaka and Ms.E. Nagahama of the International Cooperation Office for their help during
the school. Mr.Y. Takubo and Mr.T. Watanabe of the Tokyo Institute of Technology did
important jobs of preparing the announcements of the school and the copies of the trans-
parencies for the lectures, which were distributed to all participants before the lectures
started.

Hideto En’yo, Naohito Saito, Toshi-Aki Shibata,
Yasushi Watanabe and Koichi Yazaki

RIKEN,
June, 2002



Introduction to Hot and Dense QCD
Tetsuo Hatsuda® - Univ. of Tokyo

RIKEN Spring School, Wako/Japan, March 29-31, 2002

abstract

Axn over view of the recent progress in Quantum Chromodynamics (QCD) at finite tem-
perature and baryon density is given. The 1st lecture is devoted to general introduction
to the phase transition in QCD. In the 2nd lecture, plasma properties at high temperature
is discussed on the basis of the weak coupling perturbation theory. In the 3rd lecture,
critical phenomena assciated with the QCD phase transtion are described. Applications
to early universe, relativistic heavy ion collisions and the structure of neutron stars are
also discussed. '

contents

1. General introduction of QCD
2. Phase transtion at T £ 0

e toy models

e lattice QCD simulations
3. Plasma properties at T" > T,

e perturbation theory at high T

o breakdown of the naive perturbation theory
4. Critical behavior near T,

e deconfinement

e chiral transition
5. Phase transition in the real world

e early universe
e relativistic heavy ion collisions

o signature of the quark gluon plasma

6. High density matter and compact stars

! hatsuda@phys.s.u-tokyo.ac.ip
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[ QCD on the Latticej
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e Fa(T/T . heavy-quark free-energy (@q) : q-g pairing
=0 < conf. (zZ(3) restored) # 0 < "super” (x-sym.broken)
F 0 < deconf. (Z(3) broken) =0 & "normal" (x-sym.restored)
[ (L) |~ exp(-Fg/T) i@
Fq=2 g o b 2 2n
Te T ' T

Ne=3: Tpo = 154E£8 MeV "istorder (KS)
Te=271£2 MeV, st order Ne=2: T,o= 17328 MeV ‘zndorder (KS)

17144 MeV  "2nd order (Wilson)

(10,) £9Q¥d “110D SO¥d-dD

9,) E20Z100/3%[-d3Y “[8 1o Yos.rey

® a — 0, L—co taken 38  ®@a~037fm(improved action)

a trmminal latbina niea - 973 O —namtond dazzto o - an3 .
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( QCD string in hot medium ]
- lpearstrineat T=0: (E . ) | eleebaline sline at T#0 (Fn=E=TS)
: a5
Vin—or ° 1 o(T) ( __T_Z)f3 7
r:§ P o(0) T
1 O QJ’? 355\% o f
wf * § Gl 121 p99

V{(r) = const.

Karsch.et al,
hep~lat/0012023 ('00), hep—-Iat/0106018 (D7) e




(Tevel shift/crossing in cC system <=> charmonium below TC

Mivamura et al.. PRL 57 ('86); Vogt & Jackson, PL B206 ('88)
Sivirtsev et al,, PL B484 ('00); Hayashigaki, PL B487 (00)

cc spectrumat T=0

A ' ' Lattice data at T # O
- 2
GeV 333 ’
4-0 - —J_ 3.8 T T T T
o | 13Dy — /BVG
38 == DD A o
[ W,‘ ﬂ ({g
3.6 — X2 - 2
- Xer 32t 5
3.4 - "';'c"c';;.‘ 8
/73 Lo 3
3 2 S
J- S
3.2 . | < )
SRS / E g
3,0 —nc 26 1 1 t [ - \%
0 0.2 0.4 0.6 0.8 1
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What is chiral symmetry ?

¥ massless quarks : chirality (handedness) = helicity

R L
— > ——>

¥ pert. QCD : chirality conserving (q =qg +q,)

LQCD =L(qg ) +L(q ) +mTq,

¥ Chiral symmetry < conservation of R, L currents
l:a i
0r > €%0g, g —e’q

¥ non-pert. QCD : chirality mixing

R L

& generation of the "constituent" mass M :
M (350 MeV) > m (10 MeV)

® Non-zero quark condensate !  (q,q,) # 0
existence of the pion

Nambu-Goldstone Theorem

{

| 0CD vacuum structure |

NP QCD: chirality mixed PQCD: chirality conserved

® quark condensate :

@ Nambu-Goldstone

(Gq) = (Gpq,+G, Gz} = - (225+25MeV)3

boson : pion

® massive qasi-particle : constituent quark with M (350MeV)
@ hadron spectrum : '

f0(400-
1200)

7(140)

41

Kk1(1400) f1(1420)

a1(1260) F1(1285)  k1(1270)

#(1020)

K*(892)

p(770) w(782)

P-5, V-A level spiltting
dueto (qq) =0

0-- o+

1-- 1+




qq excitations

K1(1400) f1(1420)
ar(1260) 10285 ki(1270)
//i é(1020)
K*(892)
fO(400- 0 (770) @(782)
. 1200)

7

P-S, V-A level spiltting
7(140) dueto (qq) #0

Chiral mass formulas

n o . [448 1
m2 = m(dq),!f2 mb = [ S, (qq)] :
2816 o . 2’3
mi; = ["2—7*”3%(@0]
0 i i

small quark-mass QCD sum rules in large N,

Symmetry breaking & restoration

Y QCD Order Parameter
ot A (§7>
% o) By o e 0o "
£, e . °
<q9>%0 <Fa>=0 : ;
¥ Superconductors
] [+ \ <>
&8 (f& Ty i .
L th P
. ‘Jﬁ_,a 3 4 i
(ggr>+0 h>=0 T .
¥ Spin systems
A (Sz>
tant 1T 4 |
(RO R |



(Chiral Phase Transition in QCD |

N’f=3 Nf=2 N'f:2+1 \
system —m.=0 =0, m. = oo
myd4=Mg= myg=0 mg= My,q ~5 MeV, m~100 MeV
3 imate
. SU, (3) x SUR(3 SU; (2) x SUp(2) ~ O(4 approxima
symmetry | L r®) 1(2) x SUR(2) ) SU) (3) x SUR(3)
order A (M) . Q"E pairing 3-d o model: M~ (q_ag)
parameter
and Legs = r vMT yM+atrMTm
effective ) +otrMTMZ+ctrmTm2 + ...
theory end Pisarski & Wilczek, PR D29 (84)
_ Tc T
order ist 2nd 1st or crossover 7
17144 MeV  (witson)™
Toe | 154 +8 MeV (ks)™ 1738 MeV (ks "

(improved action,
a~03fm, mq—->0 taken)

(improved action,
a~0.3fm, mq—>0 taken)

Phase structure at finite T

# CP-PACS, PRD63 ('00), #* Karsch et al., hep—lat/0012023 (00)

(from lattice QCD)

Karsch et al., hep-1at/0012023 (00)

- Phase structure at finite o

(from effective theories)

(1554 10) MeV

AW (OLFSLL)

nxpvz ] /\ A

rder ?

n, P

Mg
43



_ [ Chiral partners in the vacuum }

T

Pl
n P24

f Hadronic correlations in the mediunﬂ

K1(1400)

ay(1260) [161285) ky(1270)

£1(1420)

Z
//A & (1020)
- K*(892)
Fo(400- £ (770} w(782)
1200)
”//
P-S, V -A spiitting
7(140) dqe to (gg) #0
0~-0% 17-17

® (qq) —0

& Chiral degeneracy

(SCIS(y)) ~ (PCOPK))
(AAGL)) ~ (VOIV(Y))

® change of (qq)

& Individual spectrum

(SCISW)) , (POIP())
(AJAL) , (VOIVY))

44 NTL . /JQM& /('a/li/{iza, PEL (83D -
RSR » MHaTruda, Loibe & boe. MPB 22 -



[ Past and Future Experiments |
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{ Hadronic correlations in lattice QCD ]

D) = [ { arat=arg ©) dx

~ e —MmT (7 —00) space

, = T e Alw) do (anyT)

T=0

o

Hi—posed problem

Euclidian time (z)

— Maximal Entropy Method : P[A| D] ——

® No parametrization of A{w)
® unicue solution forD{z) — A{w)
@ crrorestimate onA{w)

Reviews.:

Optics and astrophysics: N, Wu, Springer (97)

Spin systerns: Jarrell & Gubernatis, Phys. Rep. 282 ('858)

Lattice QCD: Asakawa, Nakahara and T.H., Prog. Part. Nuch Phys. 47 (0F-

= =

3~ ——

a 3

e} @

D <

o g §

< g =

¢ 5 S

~ = 3

g 2%

3 3
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o
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=3
@
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» Test with mock data

Laplace
Trans.

Truncation
& Noise

MEM

Ain((o) - D-in( T ) ST Dmock( T i) - Aout(mn)

2A(w)/w?: ete™ = =1 hadrons

Asakawa, Nakahara & T.H., PRD ('99), hep—lat/0011040 (“00)
CP-PACS Coll., hep—fat/0 195030 (01)
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' (Hadronic correlations at finite T in lattice QCD J

T=0 T0

space =

I

0 /T

Euclidian t;‘me (z) % ot o(T—1/T)
— (T —
D(z;T) = [ € +€ ——ik - Alw;T) dw
. 0 1-e
Lattice QCD + MEM provides a clue ‘- ’f‘; 4 et
to study in-medium hadrons{p, J/ VY, ) = c
(?
. - T>Te
studies are stérted on anisotropic lattice:
Asakawd, Nakahara & T.H., on CP-PACS. wA
(7179, w,ep T 32%72, neE x 64, xfg)
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QCD Phase Transition

BigBang vs LittleBang

in. Early Universe
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Bﬂ/ﬁgm number patio ol 7e7c !

o HADRon e

C Ae’/m'a\j .c,a/ﬁ(num, ’ /?(B = 3/&/&) T=7e

T»/“ case ;
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Y A-AEREICEI]BFRFEE:

Bjorken ('83) -

@® Pre-equilibrium (t=0.1~1fm)
parton cascade
@ Plasma/Mixed phase (t=1~20fm)
relativistic hydrodynamics
@
,\' ® 01. ’. > ® Hadronization (t=20~40fm)
* o
e g0 . refativistic  Boltzmann  eq.
P ) * o
VY L TIRDOEER :
~ nucleus | E,(GeV) | T, (MeV) year
AGS (BNL) | 197 Au+1%7Au|  4A 150 running
SPS (CERN) | 208pp, ,.208pp| 17 A 190 running
RHIC (BNL) || 197 Ay 197 Ay 200 A 230 1999,,b .
LHC (CERN)| 208pp, ,208pp| 7000A | 260 | 20057
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Parameters and conditions expected for experiments at AGS, SPS, RHIC and LHC.

Cutrent/ Fufure ,,Drg/ecf‘sm

Machine | Beam — Target N (dN/dy), € T,
[GeV/A) [GeV/im®] | [Mev]
AGS BG — 1974y 5 70 0.9 150
SPS g . 28y 20 200 2.4 190
AGS 197 Jy — 19T Ay 4 230 0.8 150
SPS 208pp _ 208y 17 700 2.4 190
RHIC 1974y — 1974y 200 1400 5.1 230
LHC 208pp . 208pp 7l 6300 2600 9.0 260
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P, N, ¢ s, T (proper units)
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Final state particles

Eroducéd particles
reinteract at harg
and soft scales

Hard collisions
dominate first

Two nuclei approach each
- other, relativistically

freeze-out and stream

towards the detectors...

instants of collision

sonfracted fo thin pancakes

Peter Steinberg/BNL
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(N eutron Star Stru.cturej

neutrinos

photons

D/po 0 1

km 10 9 3]

Quter and Inner crust

Neutron matter n, p, e~

Hyperonic matter

K,  condensation
Hadron—quark mixed phase
. bubbles

rods
plates

Pure quark matter

® TOV equation + EOS (E(p) or P(lp ) = MR, plr)

Standard neutron star matter :

Recent progress
@ modern N-N int. (> 1994)

(4301 N-N data fittied with x 2/dof ~1)

@ relativistic corrections
® N-N-N interactions

@ precise many body techniques

_(variational method, BHF+PPHH, DBHF)

n,p,e with nZp +e

Pandharipande et al., astro-ph/9805177 (89)

4000 | PURE NEUTRON MATTER - |
Reduction due to boost correction :
i
3
3 body interaction :
~ 3000 A
> l
= I
~’ 1
& A18+UIX :
i 2000 . . b
Friedman Pandharipande },‘:_‘:/
Algsavb+UIX* >~ e
1000 |- 2 :
A A18+dvb
v \ At
0.0 K 1 L % :
0.0 0.2 0.4 0.6 0.8 1.0
p (fm™3)
60

0 n=0.16 fm ™3 (Dilute 1)



. Remarks

@ Hyperon mixing may start at (2-3) o

@® Y-N int. not well understood
{need more hyper—nucleus data : JHF 1)

Hyperonic matter :n,p, £ ,A, e with

i; = nte /\Z n

Glendenning, nucl—th/0008082 ('00)

Ll Lt itl

1

0.1

Lot pteied

0.01

e

0.001

Kaon condensation : n,p, K~ with nZp+ K~

Remarks

@ Condensation may start at (3-5) o4

® =_(0) < my) not well determined

450

400

350

300

250

200

e, He[MeV]

150
100

50
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Remarks

@ Mixed phase may start
evenat~3 pg

@ sensitive to hadronic EOS

E/p (MeV fm™3)

u,d,s, e with d2u+e,d2u+e,s

—
@.

Heiselberg and Pandharipande,

astro-ph/C003276 {'00)

d
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——-GM
700.0 + —— Mixture
800.0
500.0 |
400.0
B=200 MeVjm* .
3000 - )
B=122MeVim® >~
200 ]
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62

16

PrvLs PISUSpUGD USDY

1

b I I

‘Duib

(58,0 runsly]
afrin/

{
|



oo
A L)

»F 3
B
FXx»
0 X!
X
23 g«\g
o
28 3¢
~ ~ L
A
§  ©
3 S

[ M-R relation ]

Thorsett & Chakrabarty, APJ ('88)

T L S T
PSR B161B+49
PSR B1518+49 caoropanion
PSR B1s3e+12
PSE B1534+12 companion
1e PSR B1913+18
e PSR B1013+16 companion
PSB BRI27+11C
PSR B2127+11C companian
PSR B2303+48
PSR BRI03+48 companion

PSR JO437—4715
PSR J101245307
PSR 11045-4508
PSR J1713+07
[ PSR B1802-07
PSR J1804—-2718
PIR B1255408
PSR J2015+24R5

PSR 100457319 .

¢ s 1 1

1 2 3

Neutron star mass {M,)

M =135 £0.04 My,

r
T

25

Pethick et al,, astr-ph/9%05177 (98}

0.0

i) 1
10.0 11.0 12.0

® Phase change
= low E(p) => soft EOS

63 =small M &R, large 8.
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quark superfluid

nucleon superfluid

review:
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Rajagopal & Wilczek, hep-ph/0011333 {00)

Takatsuka & Tamagaki, PTP Suppl. (83)

Horie, master thesis (99)
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(Neutrino cooling

@ direct URCA (xD >0.14)
n—p-te + _‘,7e
@ modified URCA
ntn—=n-+p+e +Ve_
& hyperon URCA
AN—pte+v,
® 7, K cond.
(™) tn—=ntp+e +v
(K7) tn—>n+p+e +v4

® quark
d+d > d+u+e + i’_e

See, Page et al., PRL85 ('00)

- all quenched by "super” : e A/T -

Ad: mURCA with super
B4/C4: dURCA withsuper
D4: hyperon dURCA without super

W

4

6.4

6.2

6.0

5.6

54

5.2

5‘0 Y 1] 1 1 L I

0.0 1.0 2.0 3.0 l 410
log (t/yr)

® sensitive to EOS

® hard to nail down the key process

A

(86) ‘IoTIBM B 4BGSM ‘GERYDS
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Fig. 1.— The combined positive and negative order specl;m of RX J1856.5—3754 binned at:
0.5 A intervals shown with the best fit blackbody model with parameters corresponding to
method (2) in §4 and residuals (observations—model). The deviations from this model are
consistent with Poisson statistics after allowing for calibration uncertainties at the C K-edge
and over broader wavelength intervals. The apparent edge at 60 A results primarily from

one of the HRC-S plate gap boundaries and small residual QE dlfferences between positive

and relative negative order outer plates.
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B \STRANGL‘ STARS AND THE NEUTRINO BURST FROM

i SUPERNOVA 19878 . ...
M"‘f"‘“" conc R e

Sion . A\'iy
T. HATSUDA,
« --—-Natlonal Laboratory for High Energy Pll_vslcs (KEK), Ibaraki, 305 Japnn

Received 3 August 1987 . .
N . . ‘)f. “. o l" 5 ' I

POSSlblllly of strapge star formation in the recently discovered LMC superuova is examine

H' the proto-neutron star first formed is converted into a strange star nbou} }, sec after fh

bounce. a large energy release with E,M ~ 10” erg havmg QCD ongm occurs Thc i
g d

: : 1o e ;: " gt

Obscrvauons of the supernova explosnons and their remnants give us rich informa-
tion about our understanding of the fate of stars, the nature of the:gravitational
collapse, properties of high density matter, and weakly interacting particles-such as
neutrinos, axions, majorons and so on, Recently, the Kamiokande II Collabosation!
and the IMB Collaboration®.have reported a neutrino burst prior to.the :optical
observations of supernova (SN1987a) in thé large Magellanic cloud (LMC).2 a2y

A characteristic feature of the Kamiokande Il data is that it has a buich. structure
the first 6 events (0 ~ 0.686 sec), the second 3 events (1.541 -~ 1.915, sec) with rather
high mean energy and the third scattered 3 events (9.219 & 12.439 sec), If one excludes
the first two events, the angular distribution is consistent. with isotropy; we can then
ldermfy them as ¥,-events which are detected through the inverse f-process (7ip = fie')
in the watet. The mean cner gies of the observed events; with an agsuniption that all of
them are caused by v,p — ne* process become 13.4 MeV " (15t buich), 27.2 MeV (2nd
bunch) and 12.0 MeV (3rd butich).*,On.the other hand; thq IMB data shows no such
bunch structures but consists of relatively high energy events (2040 MeV) which span
an interval of 6 sec. The overall featuites of these data seem to be consistent with the
staindard explosion and cooling theory of the type IT supernova.®” Hawever, there are
some controversial points for the latc events (the ones after 1 sec in the Kamiokande
IT data® and all the IMB data,? or at least the ones after 5.sec in the ‘Kamiokande IT
data®™); In fact, the standard cooling of the proto-neutron star'gives too smalliniean
energy and sriall number of events®.to cxpiam the late events, which thay suggést that:
the core témpératuié is higher than expected or other non-sfandard mebhahis’ of
neutrifo efhission is presenti® . wF e e gy ilapd e we

- In this letterwe will not stick to the bunch structure buf takc the late and relatxvely
hlgh energy events senously and suggest a possibility of the formation of a strangé'star.
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( New ideas]

» Stran ge quark star (u,d,s) . review: Madsen, hep~-ph/9809032 ('¢8)
» Ferromagnetic quark star . Tatsumi, Phys. Lett. B (00)

» Crystal structure ih superconducting quark matter Aiford etal.. hep-ph/0009357 (00}

» Coherent A= 3. mixing in hyperonic matter Akaishi et al., PRL 84 (00)
» Delaved coliapse to BH Brown & Bathe, ApJ (94):

Yasuhira & Tatsumi, nuci~th/0009080 {'00)

| Things to be done |

Wiringa. et al.,
i. n,p : NNN-force <= light nuclei < QMC method nuck-th/0002022 (00)

ii. hyperon: YN &YY forces <= hyper nuclei <= Japan Hadron Eacilities

iii. hadron —> quark < lattice QCD < New method ? Engels et al., et'al.
hep-lat/9903030 ('99)

Many-body problems of quarks & gluons based on QCD

Theoretical developments {(past 5 years)

high T - ) high o
» improved perturbation theory » high precision hadronic matter calculations
» extensive lattice QCD simulations » new ideas in hadronic/quark matter

Experimental/Observational developments (past 5 years)
SPS@CERN found "evidences" of high T matter

RHIC@BNL started to operate #6isspsa

\4

\4

\{

NNN and YN interactions are start to be constrained

A\

Neutron star properties: mass, Tsurf’ B etc

Expected progresses in coming 5 years

» Quark—gluon plasma will be found and studied at RHIC
» New era in lattice QCD simulations (from 10% to 1 %)

» Determination of YN and YY interactions at JHF 67
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Properties of Hadrons in Nonperturbative QCD

Makoto Oka
Department of Physics, Tokyo Institute of Technology,
' Meguro, Tokyo 152-8551
oka@th.phys.titech.ac.jp

Abstract

Main aims of the hadron physics are (1) to understand hadron spectrum,
structure and interactions in the language of the guantum chromodynamics
(QCD), the fundamental theory of the strong interaction, and (2) to explore
rich phase structure of multi-hadron systems and hadronic matter. The first
subject is quite old, while the second is relatively new and studied heavily
recently as hot and/or dense hadronic matter can be produced in the heavy
ion laboratories.

The reason why the QCD phase structure is complicated is that the QCD
vacuum is highly nontrivial. Although the QCD lagrangian looks simple and
symmetric, most symmetries of QCD are explicitly realized in the ground
state. Accordingly the QCD vacuum has quark condensates, gluon conden-
sate, and nontrivial topological objects.

While the QCD vacuum structure is most intriguing object, what we
observe in laboratories are hadrons, the low-energy excited states upon the
complicated QCD vacuum. Thus the properties of the hadrons are what we
need to study in the language of QCD. This is what I concentrate in these
lectures.

In the first lecture, I overview properties of QCD and hadrons. I especially
emphasize the symmetries of QCD and their realization in hadron spectra.
In the second and third lectures, I concentrate on two topics. One is chiral
symmetry of baryon and baryon resonances, where I discuss classification of
baryons in linear representations of chiral symmetry and its consequences.
In the third lecture, I will turn to the strong interaction corrections to the
nonleptonic weak interactions of hyperons. I will discuss how the QCD cor-
rections are relevant to observables of hyperon decays. I also discuss a new
type of nonleptonic weak decay observed in the decay of hypernuclei.
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Properties of Hadrons
in Nonperturbative QCD

Makoto Oka
Tokyo Institute of Technology

CONTENTS

1. Symmetries of QCD
and Meson Spe(;tlla
2. Chiral Symmetry of Baryons -
and Baryon Resonances
3. QCD Effects on Decays of Hyperons

and Hypernuclel

QCD SU(3) color gauge field theory

L = —~‘I‘r{G’“"C,,.,} +gliv- D — M)q
GH(z) = BPAY — 0¥ A* 4 ig[A¥, ') Ay = 2 2 go
. a=1
qa(@)
z) = | gg(a) Dyg(z) = (0, +igAu)a(z)
F5(@)

Local gauge invariance

U e SU(3)p,,
g®) — ¢'(2) = U(z)g(z)

Ao) = 42) = VAU 0) + 0,00 6)

M(W) — Uz)Dpug(z)

. Asymptotic Freedoin and Color Confinement

’ 127

s (Q?) = ——————— + (high d % A e s ot v ey e

. s(Q%) = @3- 2N;)le§ (higher order terms) N
. ﬂﬂg‘ .

A = Agep ~ 280MeV m:J \\‘\
» ’ ”l'_ \Jf\o\(\w
: St g
Large Q2 (> 10 (GeV/c)?) 156V
weak interaction perturbative

deep inelastic lepton scattering
Bjorlen scaling- Feyman parion plctute

Small Q2 (~ 1 (GeV/e)?)

strong interaction = - nonperturbative
s. color confinement,
« non-trivial vacuum structure
« complex hadron spectrum
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Color Confinement
quark - antiquark interaction at large distances

E Bage e o ,;1._;"" confining potential from Lattice QCD
=
i . e
| - no colored hadrons -
Il ,// . no free quarks or gluons
=7 :
“is
2 l:
’
fTTE T s 2 25 2

Nontrivial Vacuum

quark condensates break chiral symmetry
(Gu) = (0} Tu : 0} = (dd) ~ (—230MeV)3 (85) = 0.8(@u)

gluon condeunsate *  breaks scale invariance
() = (0] : 263, : 0) = (330MeV)* ’

nbntrivial topology ex. instanton solutions

Nontrivial Topology

Instanton solution in E}lclid QCDh

/Gyué;tvd4$ #0 gluon condensate
Instanton couples to Fermion zero mode % Hooft:
dy v e
do _,_;_,.@__;,., da flavor singlet
St Sg
Ling o< det; 1 {hql} +c.c. breaks Ua(l) symmetry -
A

Kbbayashi-l‘.’laskawa%'Hooft interaction

0‘55 é\

Hadrons as Soft Excited Médes

QCD vaeuum = Ground state

Spontaneous Breaking of Chiral symmetry  {0}7q|0)
Anomalous U,(1) Breaking '
Flavor Symmetry Breaking

y

Hadrens = Low energy excited states

(0]gj0)

Pseudoscalar Mesons: =, K, 1, '
Scalar Mesons: a, &, ag, fo

Baryons: N, A, N*, A ete.

Diversity of Hadron Spectrum

Héa\ry quark mesons JINy, ... D, ...
cc
Linear + Coulomb. Potential
confinement gluon exchange
e .
U(r) =or — = Coznell potential

Heavy quark pdtentialA from Lattice QCD

Wilson loop T

Tt o &

e 0

ole
v

A0

!

=0

~ oLT

atT =0

at T > T,
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N
I INY
S M E 8, . . .
- 5 3 Light mesons and baryons
-8 3 Y 5 .
eu. :
;i §’ psuedoscalar mesons T ... 8+1 nonets
~ =
S . scalar mesons c dg fy..
T
” ; VOV, baryons N, N*, ...
” T a _:é A d D A o a p w
S S N e B : ,
“‘?\% 3 £, ‘\ e Symmetries are not manifest !
by 3 z gLt v .
S A ¥ 5 \\ B2Ra] 3 Color gauge symmetry © Quark confinement
Cuter o > T s . .
! ,..13\;5& § 5ot , [ { |3 = Regge trajectories
e 3 g ; R
%'},s 5 & “’gr g Chiral symmetry & Quark condensate
g Sut 4 8 .
Es’ 3 i ‘i% 3 ) = Light pseudoscalar mesons
I E o owf % 3 U,(1) symmetry < Anomaly
oy g . T-; T = Heavy 1’ meson, flavor mixing
% g q L % 8§ -
= ge” "y Flavor SU(S) symmetry & Quark mass
; sFel o o L R = Constituent quark model
N T
~ o
3
o = - ™ :
e o o o
= l ' - ' jofs) L
. jciz ] o
& 55 s . Meson spectrum
A Bl 3
o agQ
& Eah "
o ﬂ] i : g E3 ™ £ a .
o : N P E - 5 Light pseudoscalar mesons
® o BgE - MoV - flavor nonet 8 + 1 :,
. 9 A B s t
] m N Cin pr ° 9 : NG bosons
. S S d 000+ S
L. S e O . |>\<3 B_Eg ",_' L] W, K Ay f .
' ﬂ) (lql :ﬁ’ Lo . o < + ® The 1" meson is heavy:
P . L " . L R 7 £ -
o oo T ® - &8 w ’ U, (1) problem
Tw o & ea N R 8 ~ I=0 :
(s Bl D 0O : 8] kI .
5 %g =¥ % B S 500 EE | o The n -1 meson mixing:
N B f - . : : i =h |2 Flavor mixing
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Chiral Symmetry of QCD
N flavor guarks ) ? ) H:‘&'; %
T = rix) + utn) RE T

SU(Npy x SUNY,, transform: global symmetry

-

o o
P\ | .

{ I = R 9p ?:e-*‘?ﬁﬁ'r
%L""“:’Lig QL'*(}-;L;?

‘_\61‘-? = ‘Rxﬂgn +?ZLKF%L . ) )
fi% g = %sﬂ-%& _gpg, ) Sl invariont  evew
;j:;% =: 2{;: -_t ;R:r ) Charal non inv ods,

d”mm = — n l?? ) charal odd,

If M=0, then QCD is chiral invariant .

| X My
L= ~5T{G* G} +4liy- D~ M)q M= / m
Mg
mu, md <K Agep SUQRYx sU(),
. Ms < faco SU(3 )y $C(1),,

Extended symmetry

TMY = G M9+ MY, (mtm)

. M—s LMET Vextended
BCD mass Term is invarient wneler "Ext chired W

Noether Currents and Conserved Charges

TMs o' T Ts £ ascna
R R R —/;? a={,2 ’ &
ap
B,;JL = 0
R
alk_ o a a A
Ty = T T Tal e gk a
vectyr exialvector
Qa 3 ae . an
Q:i Sfdxjé, Qv= F® : flaver
Qs ! axiad charge
[, Re 1= < fumcal
L L L
[0, &' T = ¢ fue @°
[va\, QAb _7 = ¢ fubc @Ac.
fé’;: QﬁbJ = ¢ e '@vc
Spon_tanebus symmetry breaking
no parity Adegenerac'y Q:' Pz=-Pas
@alo> % o
or

ja’x l[Ta €700, $*or]10) % o
C,f)b(o) = ?357"@ pron
[a%,8%] ~ §% 73

qua?k condensates break chiral symmetry
{tu) = (0] : u : [0) = (dd) ~ (~230MeV)?

(55) ~ 0.8(qu)

sV

Su(ls )



yL

The Goldstone theorem
shows existence of a zero mode
for each broken symmetry generator

Ne=2 (ol A‘}([a)/"/rb[/’)> = § ":J[;rﬁw
3 NG fosms  wETC
Ng=3 § N& Losons wE e
K Ko ie
7

The remaining conserved generators form a subgroup H
The NG modes belong to an irreducible rep. of H

Ng=2 I= 1

Ng=3 g

U,(1) Problem

Symmetry of QCD Lagrangian and
Spontaneous Symmetry Breaking
UNjn x UNg)r — U(Np
Qr Qs Qv
N} N} N?

7} is too heavy.:

Weinberg limit on the ' mass

, 3
m() < \/;mg

985NMeV ~ 700MeV

‘ & " ( P (’ é’f gf‘: b
U,(1) Anomaly Pa bt Le ko ARET
¢
Up(1) symmetry is broken by ANOMALY
Ua(l): £ ;% = Uy(1): Baryonic current

I = gy
8,J%°

5=
Virry G Qs .- ﬁ;w 8 ‘]“0
2imgdy°g + P N; Te{G,, G*} Opdy

]

=90

Chiral Symmetry of QCD

SUNpr x SU(N;)z x U@y = SUMN W x Uy
Qr Qz Qv
N} -1 N} -1 N3 -1

N? —1(=8) NG bosons

Nontrivial Topology

Instanton solution in Eﬁclid QCD

_——
/ GuGud’z #0 gluon condensate

Instanton couples to Fermion zero mode

't Hosft:
Uy Ur
ola _.,g,m@:.i: dR flavor singlet
S. o Sr,
Lins ox deti j{dhgl} +ce. breaks Ua(l) symmetry
Y

Kobayashi-Maskawalt' Hooft interaction



SL

Scalar and Pseudoscalar mesons

PS  «(138) K(495) n(547) «'(958)

S - ao(980) s(~800) o(~ G600) fo(980)
e il

Higgs particles of chiral symmetry hreaking

g

B'-:fx:s:tﬁgﬁ'.s‘ :L: YITF lnlér.lta/wg-,- {2oze) [
M, Trdasta,

:—"-;4 ~ Hibars.

7/¢_7 o Mg ~ 2200~ 76D MeV
—+ grm £, domivant
§ e
- o,
~, é fi il (‘*’L{Z«[/‘
OZI and II1

'}(l
i

. ' s W e e aadn
111 gives a strong mixing of flavors ¢hy Fhie 108 ca
Fovor wining,

Ideal Mixing =%  SU(3)

T + dd @y + dd — 25s
V2 3
_ @is + dd -+ 3s
S5 "—_‘\/é- ———

QZ] violation due to Il is weak in the vector and axialvector mesons.

uL . Sr, da
== 5, PS chamels

[2FY TS, d,

B -
l{?%;."'(l‘ F3 N £’ 2% "’*T@ g é

WS ;
T . ‘7 2N S R IV S

S o

A Gk, D

|

2.¢ a7,

{A":} T < {ik Vo

Faiw Hileasa
it

|
AN
Soatlav, n 77
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Baryon and Dibaryon systems

III can reproduce baryon spectrum as well.
Rosner-Shuryak, Oka-Takeuchi

Haoe Gut1 ffe) [ 1+ 35 Aka + 5 o) G B[ det oty # b,
’ mANAAA
<7tu'|m1hd“ o a&nmagnel‘c'c nt,

Puzzles on the spin-orbit forces of baryons can be solved.
Takeuchi
weak L3 force inside the nonstrange baryons
strong LS and ALS forces between baryons

The H-dibaryon acquires repulsive 3-body interaction.

. Oka-Takeuchi, Tokeuchi-Kubodera-Nussinov
H = uuddss flavor singlet -
11X repulsion ~ 50 MeV

Possibility of strong U,(1) breaking
Nemoto-Takizawa-Oka
Analyses of 1| decays and 1, - 11y mixing angle
The mixing angle is mass dependent,
8(my) % ¢ (mé% )

Mass of 7 is not sensitive to the mixing angle.

Analyses in the 3-flavor NJL model with the KMT interaction
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Puzzle of the Scalar Meson Nonet

Mass spectrum is not consistent with the 3P, quark model
with SU(3) breaking due to the m > m, 4

fr (V] Toor {1/eV} .
100 T T v ’ & T T ¥ uda scalt sealar -
L pseuda scalor ] fo ~ 35
8ol 4 u——— — 8,

- ¥ i
sof- 4 s} —_— ay ~ (Gu--dd)/v2
40l ] 1

ool —
20} i 1t . == m(fo) ~ m(ag)
. . . 0 g . 2 o4y ]
8o oa o8 12 is : 00 04 08 12 16
cf . GF it x 1
L
FIG. 7. Dependence of the 7 decay constant f,, on the dimen- FIG. 8. Dependence of the vy decay amplitode on the di-
sionless coupling constant G5, mensionless coupling constant G4', The horizontal dashed Tine in-
dicates the experimenlat value,
Scalar meson mass
1
0.9
M —apy) V) gg /// e e e
3.0 T v . % 06 ~—a0
9 05 ~—sigma
v —

2.0f N £oa /,__,—a———/ eta
03 L
0.2
o1 |

V]
0.9 ! y . 0 0.1 02 063 04 05
00 04 08 12 1.6 . . . . . .
cf . Gp

FIG. 13. Dependence of the 7 lyy decay width on the di-
mensionless coupling constant G4'. “The horizontal solid Line indi-
cates the experimental value and the dashed lines indicate its error
widths.-



Chiral Symmetry of Baryon
and Baryon Resonan_ces

1
2
3

5

Makoto Oka
Tokyo Institute of Technology

. Introduction
. Chiral Symmetry of Baryons
. Linear Sigma Models of N and N*
4. Signature for Mirror N*
. Conclusion
Atsushi Hosaka (RCNP, Osaka Univ.)

sigma—f0 mixing angle

Daisuke Jido
Yuldo Nemoto
Hungchong Kim

(IFIC, Valencia, Spain}
(Riken-BNL Center)
(Yonsei Univ.)

Phys. Rev. Lett. 80 (1997) 448
Nucl Phys. AB40 (1988) 77
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Ll. Introductic;r?’

QCD phase diagram for high Tand/or u

Chiral symmetry

NG phase = Wigner phase

{gg) =0

(Gg) =0

T w

Né

Hadron spectrum at the symmetry restoration
degenerate parity partners .
belongs to the same chiral multiplet

Mesons  Suts xsume

Te i)

(p.ay LO)®(Q0,1)
T

m 4

h

71"&.@_— &
ww,

™ ;f{
@}.

Wy A -

~

Baryons N(40) & N(1535) ?
¥

q? dependence

The radiative decays of 1} indicate the strong U (1) breaking.

The mixing angle has strong

Strong U,(1) Breaking and Flavor Mixing
. Pseudo-scalar nonet

Conclusion

for 8 z=-2p°

= 0.l

=

o.5%

=

Go5s)

Gs
9[4:121) ~ O

2

7 is = octet,

Sealar nonet

§§%> — 0

Gottlieb et al. (1987)
Tido o1 o, {i1594)

bout 15 %.

Mass of ¢ does not change but the mixing is significant.
Ss mixing in cis a

I induces the a,—c mass difference.
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(3) Analyticity of the correlator

dispersion relation

/ clsIml'I( 3)

TI(p?) = s—p?

QCD duality threshold s;

ImIIPPE(s) = ImIITH(s) for s > 59

a OPE PH
[ o Iml19FE(s) ds = /50 IinHTPH(s) ds
o o

s—p? s —p?
(4) To improve:
Borel transformation M2
I(p® = —p%) — Bapell = [(M?) = lim

phm—rco,M2=p} fu=fuite

Borel sum rule for the imaginary part of T

o oImll(s) , o i '
BMz/o +de [o e ImTI(s)ds

/0 g/ ImTIOPE (s)ds = /0 * gs M [P U(s)ds

!

(_'

d

dp;

s

) () -

j" Jiggavey

Bainders - Lubmnsiin. ;’ﬂa!ﬁ-i‘
Phys, Bep. 13?2 {13Es)
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condensares I
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foncone detined i the texn, The tegien betsedn the arsowy A und B is cumsidered to be aeliable for determining the sewnsace gaesmerers, Figure
adepted frum [1].

QCD Sum Rule for Baryons
" positive and negative parity baryons
JT E sy
() = pur" L (%) + Iiz o,
IL(p) = — %I ()15 = puy* I (p°) — Tha ().
LR DM

old-fashioned correlator

Jide- £

() =3 [ a*ae®*0(as) (01o(=)Jo(O)10)

i) = 5 [8PREL500 - mi) + 002
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Phenomenological side
Alpo) .

B(m)

3 IO 80 )+ (475G i)

I

5 IO 00 —md) = (3750 = mi)]
OPE side

5+ 2t 4 5£2 542t + 562 a,
AOFE(pg) = o 250(mo) + _?WT‘POG(?D)(?GG)
5§42t — Tt? _
- LT“J(Po)(GQ)z,
: T2 -2t-5 o 3(1—¢ _
Bo(m) = 57— p30(pe)(q) - %%—2)0(%)@90 - Gy).

A: chiral even terms
B : chiral odd (symmetry breaking) terms

s 4
ol PR 1-\,./‘6..
A,

/.7}”&1.

Borel Sum Rules for m+* and m

&

= = o +y2
T )+ B, )] = (el ()
P00 55) ~ B, 5] = (Pl )

M2

Choice of QCD parameters

- (3q) mg mg X X%
(-0.244 GeV)® 0.9 GeV 0.1 GeV 0.75 0.8

m¢ = (fgo - G)/(@e)  x=E)/{@a) x5 = (590 - Gs)/(aga- Gay

vacuum saturation ((7g)*) = (7g)?

-

e
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'Q(—D sum Rule For Negaﬁ% Pmi@ Barsms

n.Tidp ot ol
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-
cuBAT AT N physics
hep-ph/epriaaz

. Table 2:
%. . -
g . | unit @ GeV
7
ch - — . DBaryon  Sum rule  Bxp.
= L .
s - flavor octet baryons I i<
E- . 3 Quark Model
m | Ny 094  0.94
R 12 14 1 m - Ay 112 112
Borel Mass (GeV) Ty 1.21 1.19
= 132 1.32
Figure 3: The Borel mass A7 dependence of the singlet Ag— masses. The solid |
: N_ 1.54 1.535 49
denotes M = nep. I.o5
. A_ 1.55 1.67 -
P 1.63 1.62 .65
o 1.63 — .78
— Jlavor singlet baryons
4 1 -
) Ag- 131 1405 49
32 [ -1
Asy 2.94 —

»N
11

N
(-3

Baryon Mass (GeV)

¢ . i, RE

s N
25 3 35

Borel Mass (GeV)
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3. Linear Sigma Models for Nand N*

R
[Q¢,N]= —7-)/5’5 N

chiral transform ]+
N(x) = Np(x) + Np(x) N, = N

L 2
Le SU(N,);
Re SU(N,),

N9 = LNy
Ny(x) = R Np(x)

NN= N,N,+N,N, isnot chiral invariant

N becomes massless in the Wigner phase.

Linear Sigma Model
N ;=2

N(G +iTY) N= NG +iT- 1) NytN, (0-iT- 1) N,

=f, (N,U N#+N RUN ) invariant

= —f-(o*+ iT M) - LUR™!

S3B
<6">sﬂ§ (gﬁr/ # 2

L= f\f(i@’—«m)/\!— gi\//o'-f4”*~‘)’ /)/\/+

am = 405 = - LoD

Clliral Symmetry of Nand N*

Case 1 : Naive Assignment

N,z = RN, , posilive parity

Nyp = RN, ,

N,L%LN,L
N,, — LN,,

No mass term allowed

negative parity

L= N\idN, + N,idN, + al, (o + iy n°T*)N,
+DN, (0 +1iy,m“T*)N,
LHe(N (0 +iy T )N, + N, (0 + iy TN, + L”

mass matrix 7 coupling.

/ 4 < C
M~ o‘o a ')/56 C ~ ( Vs )L'}’sfaﬂfa
vy b —Yc D

diagonalization — mass eigenstates

. a+b
4 sinh § =
(N““J 1 _18—5/2 7/585/2 N, 2c
NV ~ 2cosh § yse'? e\, -
1 2 ‘ 2 / y
m, =560(1/(a-l-b) +4c’ (a—1b)) //
o

2.=0 no off-diagonal zNN* coupling

two independent “Naive” baryons
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C. DeTar and T. Kunihiro

"Case 2 : Mirror Assignment bW Lo

N, — LN lL. positive parity

N, — RN,

N,, = RN,
N2R%LN2R

negative parily

a A 1 ‘{l a 1 a ‘
[Q5>Nx]:§ Vst N, (9 ’Nz]:“"_z‘ VTN,

off diagonal mass term ' Ga=~|
mo(Nyys N~ NysN,)
:_’”o(NZL Np = Np N = Ny N + Np Ny

chiral invariant

Mass eigenstates (in the Wigner phase)

[4]

. T . ¢
[Q;l,]\7+] :? ]\{- [Qj )N._] = —,;— M

N, ¢——— N
chiral partner

. 4
M:"ﬁ(M'!'?/sNz)

: _ Ts(ny v N
L ﬁ(l Vs 2)

positive parity

negative parity

L= NidN, + Noid N, + my( Nyy;V, = Nyys M)

FaN(o+ iy )N, + DN, (o + iy ) N + L,

mass matrix 7 coupling

M ac, Y, C~(a O)
—ysmy boy ) 0 b

Mass eigenstates

N N N 2 O sinh & =2 tb0,
N_) +2coshél|ye’” &% \W, 2 my

mass N

m, = -;—(J(a + 17)2.602 +4dm,* & (a- b)GO)

Axial charges have the opposite sign.

[¢

T

(0%, N.]=+—(tanh § 7. N, + N
o e 2 ( Ts ¥ s s ) .
' « . . gi ¥ O
[0F, N.]=+2(~tanh 5y N_ + N,)
2 _ cosh &

@’afo(bef:y er— Tredman r,e/a oy

Fr Jraw® =" (o= me ) Dy pt
L e " a el

S — s
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Local Quark Operator for Mirror Barvon

(05, Gql==i qiysTiq
[Q5 . qiysthql=i6%gq

a

YsT

NS

S=gq, IH'=giysi'g I§=
< color singleT

[Qja aS‘{" i'}/STI) Hb] = — {]}(7, S+ il}/5TI)H[J}

B = (S+ iyt Iy B
=@ @' Cysqq
+(qirst ) (@ Cys ) iysthy

[Q5 , B*] =-{I*, S+ iysth IT?) B
+ S+ iyt IIP) T B
=— T (S+iysash ITPY B
=B

gA =-]

N (940) 7 ZI=y
istic I* | i -
A Realistic N and N* model N 1535 47 7o
H Kim, etal NP NEQG GBI DT . L" Me  pw
Naive  Mirror exp
g =1 guy=tanhd <1 (& Vosp, = 1.26
|
4 = A = A -
8w 8wy cosh8 (&) ~ 02
New terms with derivatives
Naive _ .
d,NILN, + d,N,IT,N, + d,(N 1,y 5N, +h.c)
I, =(t-wdo—ot - dn)ys — 1 (7w x Im)
Mirror .
d, NN, + d,N,T1, N, + dy,(NII,¥s N, + he)
T, =idoys+1-dn
Naive _
gy =1+d,00 1.26 = 1 quenching
8oy = &0g 0.2 = 0
Mirror :
20,d de® —d,e”® ‘.
gy = tanh & + 0% _ g2 2 . 126 = 0
cosh o cosh &
- ' I, +d,
e +2(70d3tanh6+(7§-6—'——‘- 2 — 1

* .
NV coshid cosh o
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Nucleons at finite density

Relativistic Hartree approximation

3
k
r d'k 3
k24 m]

— 2 02 s e
E=Moi S+ E +E, 4] oy

A=mz2/8f2 vacuum energy from N*and N-

Jf

Parameters a,b,d,,d,,d,,(my)
m, =939MeV ghy =126
m_ = 1535MeV . g;\/N* =0.217 3/{311\/ — '—g;\‘,*l\,*

my: free parameter indep of chiral symmetry breaking
Results

® +
m. —m, decreasesas 0,0

g . .
N — N1 suppressed in nuclear medium.

A .
8wv shows quenching

. . . 1 H ) 1 1 ) [
(for large m,, large quenching) 400 0 0.5 10 15 50
g" decreases in the naive case : Ba,:fim dw:ii:; P/ P@ Virror a=500 yy
MY lincreases in the mirror case ' ,

St
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b prosneters  donpucts My, e, Gy, Gius

Signature for Mirror (N , N*)

® In chiral symmetry restoration
(N , N*) forms a parity doublet
with nonzero mass m, ?

N~
(ndlep of %xSB
® g(nNN*) isenhanced in nuclear matter

N*—= N1 s suppressed

M) decreases
I{N* — Nm) e

Janit Janni _
® g(MN*N¥*)=— g(mNN) opposite sign

Y+ N->N+7+1
T +N
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0.25 Naive = 700 MeV Naive ]
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005t ¥ deeem 01 - E
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cosg Pion Momentum (MeV)
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March, 2002 i

‘1. Introduction

| : Strangeness nuclear (hadron) physics
QCD Effects ' .
on the Weak Decays | : Strangeness is most sensitive to- QCD.

of Hyperons and Hypernuclei

light.quarks : heavy quarks
. ' h QCD B
: ' T ] T ] e
1 1 ‘10 1T "J10 100 tm,
Why do we need QCD i weak interactions? MeV GeV
. Soft-pion and chiral effective theory ; u d s e
Quauk model approach to hypernuclear decays m, ~ Agep

u, d quarks follow SU(2) isospin invariance.
isospin symmetry binding

s quark is sensitive to dynamical contents
as SU(3) symmetry is partially broken..

ex. chiral perturbation theory

- 2
£ . - ,ﬂn ﬁl’:
AN M
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Strangeness decays

s — - uW | rw"‘
N I
5T N "

Weak interactions of hadrons are good probes of QCD.

— Semileptonic decays of hadrons

N —s
B decay of baryons A—= pe-v,
parity violation

current conservation pcac
— Nonleptonic decays
K —» 1 x CP violation
A — Nn . A[=1/2 rule
Nonleptonic weak interactions of hadrons

can be studied only through strangeness .
except for parity violating NN forces

it ot e B

2. Wealk decay of strangeness

AS=1 weak transition

\M«‘ 2114 W EQ
I s
-#m
charged current GIM forbidden

" semileptonic weak interactions of hadrons

. ] -
K~ p~ v,
— L7V,
A—> pe v,

<haAmMAHH-MM> ~ 9a %;? Xa

nonleptonic weak interactions

K 0——p i+ -
A —®pmn”

4-quark local operator

S{fﬁx{“ Oz(ﬂffs)(arw
=5 ' ofe.

[~ yFe-2%)
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Al=1/2 rule for AS=1 weak transition

Standard Theory

no neutral current for flavor changing tr ansition

s—ou+W"~ W—od+u

= 7 Al=1/20r 8/2
=0 W %24 ;

=1 (3311 5-3)=y3
IR
A—-N+T
(A—p+m): A—=n+7°)
=2:1 for AT =2
=1:2 f01AI~%

=G4% : 36% exp.

L CD correetions

GIM

ratio

2

QCD at work |

s % s
S\/""A D \‘\g}"f \&@w/g{

w3 o= v i 3%
AN AN ;f N
9 % . .
\;éM
; Y, N :
y E‘i j;/v‘ penguin diagram
3 q (Vainshtein ef al. 1977) .
SN
Perturba,tive QCD (Gaillard-Lee, Alfarelli-Maiani 1974)
\/’r’ je“%x T [Wf,\(x) w"‘w)] ot
Yy X

Om ()= f;.r"m% G
local operator renormalized at Q=1
hadron matrix elements evaluated at u2~ 4. GeV

<hm\nms\ T | hadrons >
: = Z Cwm (1 |'\) £ hagdronss | Om“\&dm‘%fﬁ

renormalizabion ﬂrm?; e jméwn
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- Chiral structure of currents

AN

Fierz equivalence

32 (&'“S«)L '(ﬂiﬁ“p)a.

= ¥¥r-x%)

o= m“r“:"‘) (AP rpulf)
= (@), (dPuf),
@1{3 eoloyr

symmetric under w-e——= ¢ exchange

of<——— [ in the final state

AlzYa ALzl v %,
antisym Sym

final I - 0 1

color 3 6

spin, 0 0

(“/‘\.,' }\a,) (C;i ij i “8 ‘4"

attractive repulsive

gluons (QCD) do not change chirality but c/mgfe calor

gluon exchange interaction
spin-dependence

wdls (A;-25) (5 63)

attractive for 1= 0 and repulsive for I;= 1
Final I;= 0 is enhanced by QCD  Al=1/2

@/5 e
= (el S“)g_f“v OC‘RJA

valence quarks in the baryon
3 .
‘ﬁ: / e color singlet baryon
& has no C=6 pair

(=3 only

=0 only and pure Al=1/2 .
Miura-Minamikawa (1967), Pali-Woo (1971

penguin diagram

Y N /
s\\"l\ﬁ/ﬁijﬁ § —d  purelyal=1/2
.\9‘% : I=0 I:é’
i
O



Weak Hamlfoaian for af= 1

CEffective
A‘\'_ .
Hes -9 Z Iy
f r=1,r7#d

he four-quark operators, O (5 =1, 2, 3, 5 and 6) are defined by [21]

306) 2 ZS O1 = (dase)v-allpgup)v—a — (TaSa)v-a(dpup)y 4
0, = (dasa)v-alipug)v—a + (ﬁusa)l’~A([Z/3u[3)V—A

1 2(dyse)v—a(dada)y—a + 2(dasa)v-a(3p55)v_a

1 3
,;‘g.l Oy = O3(AI = -—)+ O;}(AI: 5)
1 1
I=Ys

[(dase)v—a(pua)y— + (Fase)v-a(dsug)v-a
+ 2(d sa)p_ l(dﬂ(l/j)v_ A~ 3(d Su)V——A('?psﬁ)V A]
0 Y=o
/ Iy (AI ) 3 X
[(do 3o)V~A(“ﬁ1"ﬁ)V ‘A (Fasa)v-a(dpug)v-a
— (dasa)v-a(dadp)v—a]
Os = (daSe)v—allgup +dpdg + 3gsg)via == (,;15
Ou = ((] Sg)v_.A(lLljuﬂ -I-dpd + Sﬁsa)v_l.,; = @é

96
®
\;

’ ("_Lozso()V—A = (‘ﬁa')'“(]- - ')'5) 3(.\'). ete.

{ds ngm‘m @cep)

{ FPaschos ez‘a-.é’.}

Kr @ Wilsom . coe %‘@'egmfs
. /(g =, 0.0lé

l K = *5.2865’ K1=0.Q07 |

Cobor L—>f Scalar+ Pseucto scalan

(AI=1/2) / (AI=3/2) Ratio

K decay
KO -t 00 Al=12+4372
{+ ——p gt 0 Al=3/2 only

I=2
S wave only + Bose Emstem Symmetry

KO 0t 70”

~ 20 (exp)

Hyperon decay

A — NT
2 — N=n

AI:%

Nonperturbative Effects
@ Quark model calculations
final state interactions
color- -symmetry in the valence quark model
MM P theorest
@ Chiral symmetry
soft-pion theorem
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3. Nonperturbative QCD effects

hadronic corrections at low ¢®=@

Hadron matrix elements

< hadroms \ 2. Cun O m | Fadrms >a éw'a

gluonic effects

K &= 1t decay matrix clements h

enhancement of &, operator (Laco )

Rnguin: S§-Ps wertex 4alsh

final state interactions | ALz o

K - (1=0) m%wm@;—&%ﬁﬂfﬁ‘

final state attraction 'z 0 W

or a scalar o (~ 600 MeV) resonance
(Morozumi-Lim-Sanda, 1996)
(Takizawa-Inoue-Oka, 1994)

chiral symmetry
soft-pion theorem for Bav j ol g

- Soft-Pion Theorein

PCAC + reduction formula
i o T matrix element — no © matrix element

Lot Wigy | G 1R >

:;/

2————>a

eV (aem? ) <ol T/ 500 OwJlp.
srlff—/‘)mn ,Ernll'/

—_ /d“x e /¥ [[/-Hzf;}yc;l—z (cx/T[Qf.ﬂf(x) 0(0)]//
# /

r

.
LA

=T A ey @(a/]_//w

- /F,M ;?Z' ﬂ(

St T [ ALC) B ] [ 2D
j’—-}o -TW

(zn/’/

// Fa{’g yrima
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Soft Pion for Y —» N decays

PV amplitude: soft-pion relation

| ‘yg\* | fje(%,ﬁ) | ?H“?Q

. L° e
By i : soft pion limit

AT

L

fgr - A%

<n.l lQu, 1™

RS

<n.7t"(q)|'I-[W
left-handed currents §iY'q; and

Hypig . . :
QCD corrections (flavor singlet)

Q;'z: H\v:l =0

Q0. Hy|=[Qu=Q1, Hy| =~ [QF, Hy|=~
I"= Q5+ Q; -

fer. 57 |r 2

-t

|17, 1)

2,27

1\> = 2—}% <n.! H™ IA>
I, H,y|

A> =— —%— <n.| H™ |A> |

- AT =1/2 rule follows with MMPW mechanism

s

PC amplitude: pole dominance approximation

7 A " »n ,i\

' #
p - ~ {e{*‘
QT)P wove, % ‘i
A @
;

o M
‘"Agé PC‘ & nﬂ‘%
7] 'J
-+ T\ é‘ gs
&
af

'<nn°(q)] re IA> _ <n11:°f n> W‘l—‘ﬁ; <I7,|H1’c l1\>

+<n|H”C |>:°> ﬁ-—i—m—; (z°m°] A)

o n ot decay

PV _
<mf+ )20 Z+> — fL <n

AT = i/g_ (s‘y\,qu CMMPW,)
exp. 0.13
17, 5™ z+>
(p |m7o]) 2 (o] 27 p0)| = 0

if Al=1/2: HQI=%, M=-%)

(p [H]s) = vz (o] B =)

|1 5= 0

PC

Z+> = <mt+

+<nl H

<77.TC+(C] )I HPC

=)
n, —Ny,

p)

L

mg—m,

exp. 42.2
)

)+ (2 A)

L <p .HPC

(z



4. Nonmesonic Weak Decay of Hypernuclei

AN — NN

py=400 MeV/c py~100 MeV/c

001

Short distance

Conventional Approach

Pauli blocked

One Pion Exchange

Heayy Mesons K +ptwt+ K *

I,/ r p = 0.1
much smaller than

(Bloclk-Dalitz , 1963)

strong tensor transition

Ap 3§, = np sy, 3D1

experiment

+ 2n(0) + ...

(McKeller-Gibson, 1984) (Takeuchi-Takaki-Bando, 1985) .
(Dubach et dl.,, 1996) (Parreno—-Ramos-Bennhold, 1997)
(Shmatikov, 1994) (tonaga-Ueda-Motoba, 1995)

Nuclear Force

n+p+ot+2n(c) + ..

Quark Exchange Force

NN Short-range repulsion

A (Oka-Yazalki, 1980)
AR I R S I R
; LA 50 i} ~- Paris Polential 1
A Y — Bonn Potentail .
% > 40 ~&-- Quark Cluster Model 7
G (] S N .
| 20 N, Plem) = 1150 MeVie

o
(O]
=,
[Ze]
o
e

N N % 10 -

0 . & -

10 .

st sl ber e dapaatoneabyany

0 100 200 300

+{18 f
Direct Quark Process E(lab) [MeV]

@ Effective 4-quark weak vertices
including the one-loop QCD corrections

i

Ll 1L su—> du
sd—> dd transitions
(Cheung-Heddle-Kisslinger, 1983)
3 ' (Oka-Inoue-Takeuchi, 1994)
(Malfman-Shmatikov, 1994)
A N

—> Decays of Light Hypernuclei
— Decays of Lambda in Nuclear Matter

(Inoué, Oka, Mofoba, ltonaga, 1998, Sasaki, inoue, Oka, 1999, 2000)
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hiral Perturbation Theory Approach
Chix y o Hyperon Weak Decay Amplitudes

Baryonic Weak Effective Lagrangian

Borosoy and Holstein (1999)
J. Bijnens, et al (1985)

E. Jenkins {1992
SU(3) . (1992) I L d
B —]*:‘— =0.92 x 107" o= —0.42
Lwe = dTe(B{hy,B}) + fTe (Blhy, B]) A - ]
. Dowest arder
+4-(higher order terins) Mode AP Ath pesp pth
0 0 0 AY s pr— 3.25 338 221 230
Al s 237 239 -15.8 -16.0
— ¢t IRT — ) Lt oart 013 000 422 43
he = GhE+ENE , =10 0 1 St opr® 327 318 266 10.0
D Y 4.27 450 -144 -10.0
0 0 0/ s—d =05 A%0 343 304 -123 3.3
5 1 Z- o AP~ 451 -4.45 166 -4.7
& = U=exp|—-— . R .
f,r Table 5: Decay amplitudes for Nonleptonic Hyperon Decay (iu units of 1077). The

: J : theoretic: itudes are alues arisi j rest order chiral fit.
& - Ix 3 meson octel Gelds in SU(?)) heoretical amplitudes are the values arising from a lowest order chiral it

B : 3% 3 baryon octet fields in SU(3) S wave amplitudes are well reproduced.
Assurme h— DLLT : left handed 8 &T=Y5 onl, ‘ P wave amplitudes have large corrections from
il & higher order contributions.
then hy is transformed as matter field : positive parity baryon resonances
hy = Kh XK' B = KBK! : .
X o

Thus Lywey 1S chiral invariant.

Y N



Weak hyperon-nucleon interactions

hadronic matrix element for AN —» NN

of - 3uark@o,oemiw-’g m'-/u»-IG:V :

expansion in terms of ranges of inter actlon
or momentum transfer

(NN | S O | AN

:N.' ;(ed Z "‘éh‘ mmmmm j{w

o G WD MeV,

smnﬁ repul sion w NN force
From  Auanle Exchong@

M.Q. £ Mozalce C(9RE)

o Saturation of [ (A= farge)

Direct Quark (DQ) Process — Thaua - Takesshd - 0¥ (11
valence quark model |
nonrelativistic kinematics
SU(6) wave functions s
p/mq expansion of Hy, (AS=1) with mg~ 350 MeV/c? ~ 5

3
quark antisymmetrization via quark cluster wave fuction

) t U quoak orem:fv)'s
su—ruol
C Sd— 9&0{

At

Transition potential

T =< \{}fl I‘Iw (AS:l) | \Ij;> ]
for NN (L=0,1) <— AN (L=0) J=0, 1
nonlocal due to antisymmetrization
PC+PVparts  aLe'4 and 3
range ~ 0.5 fm (size of quark wave function)

/
VL$7—+L’3'5 (r,r')= Veoee (v 5(::} + Viercr) S(;: .+ Ir

T Voontoial (r, r') pv

Strong Al=3/2 contribution in J=0 transitions
AN 'Sy — AN 'S, . a
5p, - b



01

@ecayﬁ} Light Hypwmw!@.(: ‘ . B

¥, Sasafel, T dnctis , MBI Matsba M 1:’5.»:;7,&

OPE () induces o (1798, adwe ) Sapals) - Tnoue - Ko
strong fensor transition , , W 249 (2oe0) 331 (E) AT
35,—-3D; onlyin Ap — np - )
. ' A 3*0 81 Table 1: Nomesonic Decay Width of 3He in unit of Iy

enhances I“P

OKE (K) channel| 7 |7w+K| DQ |[7n+DQ|7n+K+DQ
fensor contribution with opposite sign LG 'Sy oy 0.002]0.004.{0.004:1 0.010 0.015
reduces I} | 'Se=3P by |0.007/0.000/0.005| 0.024 | 0.008 |
enhances parity violating (PV) transition: &g@ g 3§, =35, Cp 0.00510.009]0.004| 0.000 ‘ 0.001

28, —3P, bothin Ap (£) and An ()~ 3s-%, d, [0.241]0.073]0.000| 0.241 |  0.073

Do =P ep 10.060/0.07710.001| 0.078 | 0.097

© 38,-9P, (f,and f,) transition dominant 3P fp  {0.013]0.044]0.015| 0.056 rﬁgﬁ"ﬁ’ ‘
not violating Al =1/2 . 5", an  10.003]0.0070.004 0.000 | 0.001
enhances - I /F=t 1 otga%, by, 10.013]0.000/0.004} 0.003 | 0.002
o e and hf"l/’?ﬂﬂ*ﬁi ' ) 3g-3y  fn 10.027/0.089]0.028| 0.109 | {0.217
={/- transition am udes (| aan are sm ' ¢ )
-+ K+DQ . total |0.372]0.304{0.066| 0.523 | 0.523
f - 0.304T ' | n/p |0.133]0.466 {1216} 0.274 | 0.720
- 0219T, SHe asy [0.44110.362}0.398]-0.769 | -0.678
WA a o
proton asymmetry  «, $0.68 | {fg};ﬁ axp) i FTP ' "A'P v po
Pufpc o ¥ # KEK £367 Fh: An->an
L e !

Foo



Table 1: Nomesonic Decay Width of §He in unit of I'

- 3He total Ty . I I'n/Tp .
T 0.372 0.328 0.044 . }0.133 -0.441
m+K '0.304 0.207 . 0.097 0.466 -0.362
DQ 0.066 0.030 0.036 1.216 -0.398
. m+K+DQ 0.523 0.304 0.219 0.720 -0.678

EXP [1] 0.41£0.14 0.2140.07 0.20£0.11 0.93:£0.55 —
EXP 2] 0.50:0.07 0.17-£0.04 0.330.04 1.970.67 —
EXP[3] — — — — 0.240.22

Table 2:- Nomesonic Decay Width of 4He in unit of T,

“He total I, T, In/T, o

T 0.272 - 0.250 0.022 0.089 -0.417
m+K 0.155 0.145 0.009 - 0.064- -0.357
DQ 0.032 0.021 - 0.011 0.516 -0.373
7F+K+DQ 0.218 0.214 0.004 0.019 -0.679

reedi206 0005 0.021 - -0.679 )
0.1 0 0.175 0.003 . 0:.017 -0.656 1
EXP [2]  0.1940.04 0.1540.02 0.04+0.02 0.2740.14 ——

% Z
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2 X2-Mixing in Light Hypernuclei

> hypernuclei real (~on-shell) %

y01

+He  Nagae et al (1998)

A=3 virtual X mixing

or three-body force in 31 = (p,n, A) + (P, Z)
coupled channel calculation

by Miyagawa et al. (1995)

A=4

charge symmetry breaking in ‘He—4H

‘due to ©*, 3% mass differences

4-body coupled channel calculation

by Hiyama et al. (2000)
J=0* strong X mixing ~ 1.8 %

J=1+ weaker o~ 7.1 %

coherent ¥ mixing by Akaishi et al. (2000}
differs from 3 He (I=0)

Coherent » mixing by Alkaishi et al. (2000)

overbinding problem of S-ghell hypernuclei

e binding energy suppressed by

incoherent ¥ mixing

“He binding energy enhanced by
' coherent mixing of X :

or . 1-1%
' ~0.01%

| wHe> = a|A+ *Hed + o |Z+ 3He >

Tch 10 f el Y

|SHe) = 1A+ *Hey . |Zy *Hey

T=0 I=0 0 I={ \©
/
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AN & EN coupling in ALS interactions

Spin-orbit interactions

antisymmetric LS force (Gp —3dy) - L
induces®P; « ' P, mixing
Vso = Vars(@a+0n)- L+ Vars(Gy —dn) - L
= (Vsrs + Vars)dn - L+ (Vsps — Varg)dn - L

SU(3) relations for 3P, «» 1P, matrix elements

(AN'P|VIAN®P) = ¥,

<EN1P1H/,AN3P1> = _VE)
(AN'P|VISN3P) = 3V,
(CN'PVI|SN3P) = -3V

Olca-Tani-Talkeuchi

Strong ALS potential due to quark exchange force
QCM calculation Takeuchi (2000)

ALS is enhanced by N coupling

]

4He o
coherent ¥ mixing

AHe(0%)) = o [A @ *He) + 5|5 @ *He)

Bo%se) = |3 + N
_\/g'(z‘%)o(‘pn)o) - \/_l—g](zop)”(pn)”)
+\/§ [(ZFn)! (pn)?) — \/g (%) ()

Sp—pp  decay
i« ¢
g o5t

_ \__/

> p
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o+ decay of Light Hypernuclei

4, He ~ 5% of - decay

S wave I, < 20 MeV

B wtpnn

Single A decay — pr~or nn® does not emit wt

need a two-body process
Ap — nnu*

‘,
i R
4 ™ n
¢ A &
%n A () (‘_’.»V} {
&‘ﬁl’ \.“’*T
s - & |
@ 7° o
EiY f
& P N

charge exchange I muxing

Soft pion limit for A p - n n " process

(mnTeg) | Hw I ApD

’5*‘@0% - Jgfw {mnl[g , Hwl |4

E@;,ij = - [1"_, ij .

Hw (31:3*"-’&) Qowers I3 by "'5_

ATzt [ I7 He(alek,alz=-$17 = O
a1=4 [ 17, Hy (0123 al3=-4) ]

= \E Hw (41='§: ALz~

Kmm?r*(fg)leWo)

3 j
A ﬁ;“ {mm | HW(AI'-:%‘;L\IF'%)I./\P)

R TR A
I%:‘)‘g-g Lavg. ‘ 2.

~ Only the Al=3/2 part of the Hamiltonian survives

in the soft-pior: limit.

excetlent probg @;f' AI:3/% pmess"



LOT

\ ‘ U _
ATz = o - W !Hé? iH. ;fH@ decoys

& o g Rik
dota, DA i

Conclusion

He  Ty= fs-lalpor $5) o2 o6 |
h 4 el L
. . {
pp hin J\
5 ¢ ( L 3 - 0.08 | Hadr 01110 weak interactions of strange particles
: f"}, = j) g \2 lnot ) iy m) 8.2 o H b o ‘require nonperturbative QCD 1ntelfe1 ence.
. ! .
" Hyperon decays
Wy . \ y
I\H g, ra’ i“; = ng, (‘% [ po L “‘%" [ﬂ;‘!‘) & LY o1F I Qualitative behaviors are fairly well understood.
PR YA \
pjp né\ o 4 . - Two problems remaln for quantltatwe study.
3\5’ l - P‘ . ["m) G0 - &.5) S/P problem
N g (AX=3/2)/(A1=1/2) ratio
g
- ‘
# -
Koy U . . e - Hypernuclear decays :
H r}? = Pal po {&"@ 2) .65 Novel direct quark interaction at short distances
nn P f\. m; 3 L : * Phenomenological problems ‘
J= ° PM\ (. ﬁxg + 5 2 Y j’ (0,15) 0.0§ o I/, rvesolved
" ' proton asymmeiry
B : :
. e ' - §"“ﬁs %f@@} ‘ Al=3/2 may be as strong as AI=1/2.
P{; I 3}‘ F :‘ ' S-shell hypernuclei :
o — = ~ * deecays
. 2y =y
Fa poo A ‘ | . o
: Coherent = mixing effects are significant
r, o . in A=4 hypernuclei
no r’n - 2 Al N Z*p --> pp decays
‘} , o0 - g .
Ppo [ N
-~ o "é DR+ e ¥
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Basics of QCD perturbation theory

D. E. Soper
Institute of Theoretical Science, University of Oregon
Eugene, OR 97403 USA

A prediction for experiment based on perturbative QCD combines a particular calculation
" of Feynman diagrams with the use of general features of the theory that allow the Feynman
diagrams to be related to experiment. The calculational part is easy at leading order, not
so easy at next-to-leading order or even higher orders. The subject of how to do these
calculations is interesting, but is not included in these lectures. Rather, I discuss the
general features of the theory that make a calculation relevant. These features include the
renormalization group and the running coupling; the existence of infrared safe observables;
and the isolation .of hadron structure in parton distribution functions. The key idea is
that QCD describes processes on a wide range of momentum scales. Furthermore, these
processes can occur in the same event. Thus we need to sort out the role that processes at
different momentum scales play in determining a measured cross section. Along the way
we will learn about some useful kinematical concepts: light-cone coordinates and rapidity.
We will study three important types of experiments. I begin with e*e™ annihilation,
which is simple because it has no hadrons in“*he initial state. Then I turn to deeply
inelastic scattering, including the definition of the structure functions that are used for its
description. Finally, I discuss the production in hadron-hadron collisions of heavy particles
and of jets.
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Basics of QCD perturbation theory

D. E. Soper

"RIKEN, March 2002

Abstract

A prediction for experiment based on perturbative QCD .

combines
e a particular calculation of Feynman diagrams (easy at
leading order, not so easy at next-to-leading order).
o use of genceral featurcs of the theory that allow the Feyn-
man diagrams to be related to experiment:
e renormalization group and the running coupling;

e cxistence of infrared safe observables;

e isolation of hadron structure in parton distribution

functions.

I will discuss these structural features of the theory that
allow a comparison of theory and experiment. Along the
way we will discover something about certain important
processes: ete” annihilation, deeply inelastic scattering,
and jet production in hadron-hadron collisions.

Disclaimer. We will not learn how to do significant calculations in QCD

perturbation theory. Three hours is not enough for that.

How final states form

Ezploring the QCD final state with eTe~ annihilation

A) Structure of the cross section.

B) Null plane coordinates.
C) Space-time picture of the singularities.
D) The long time problem and infrared safe observables.
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Electron-positron to three partons

N P1
\\“
\\&\.‘\\ ERY p3
/'\. ‘
1,'/ // q‘
¥
.'/
P2
1 do . Os f(E?;:HI:%)

oo dEsdcosfis  2m ¥ Es(1 ~cosfy)

where f(Es,0h3) is finite for E3 — 0 and for 8,3 — 0.

Collinear singularity, f43 — 0

/1 dcosf B = log(o0)
o 13 4E; dcosbiz BLoo)-

Soft singularity, Fy — O:

do
/ B dEsdcosbhs og(oo)

That’s great, but is there a general reason for it7

Why is ete™ — 3 partons singular?

D1
l\‘ AT p3
. P1+P3
Sq
P2

M contains a factor 1/{(p + p3)2 where

(p1 +p3)2 = 2]31 -P3 = 2E1E3 (1 — COS 913).

Also, a numerator factor o< ;3 in the collinear limit. So

i 2
MP oc | 22
E;0%,

for B3 — 0 or 8;3 — 0.
Integration:
' / E3dEsd cos 0y3dé
Es

Together:

do ~ / F3dFsdfladd [ o7

Fy

Note the universal nature of these factors.

013 r dB; dfiy

3
913

~ / E3dE3dfi,dg.

dg.



Interlude: Null plane coordinates Kinematics of null plane coordinates, continued.

p()

v Use p* = (p*,p~,p", p*) where

P =" £p)/V2.

e Yor a particle with large momentum in the +2 direction
and limited transverse momentum, p* is large and p~ is

e For a particle on its mass shell,
pt >0, p~ > 0.

e Integration over the mass shell:

small.
» Often one chooses the + axis so that a particle or group B p % gt
of particles of interest have large p* and small p~ and pp. (2m)~3 / = - = (2m)73 / d’p / Y
e Covariant square: 2/ +m
P’ =2ptp” - ph. ' ¢ Fourier transform:
o p~ for a particle on its mass shell: : -
P P \ \ prr=ptr” +p 2t —pr-xr.
- _bpt+m . . . . -~
p = _,_~_T2p I So z~ is conjugate to p* and zt is conjugate to p~.

(Sorry.)
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Space-time picture of the singularities

Define p} + p§ = k*.

Choose null-plane coordinates with &+ large and ki = 0.

Then k2 = 2k+k~ becomes small when

. _ P , P}
o=+ o¢
2p; ' 2p;

‘becomes small. (Collinear or soft singularity.)

Consider the fourier transform.

Spk) = /d:z;*’da:"dx exp(ikTz™ + k72T —k-x]) Sp(z).

Contributing values of = have small ™ large 2.

Long time picture

Perturbation theory suggests the generic structure of ldng
time physics:

| e I/
“ ¢ ]
l ’ . '/
’ - e -
_,i / \\
~. -~ \
e e )
o " ;
v --\u\\\‘_ — P L
' ®< 0
' A% 1\
.
\
N [
b :
: N .
\ “\ \\ e
" e ) \ K
»" ‘I \ ‘s.‘
1 1 .~ «
l A \\ :
\ \ .
N, 3
W,

N
'y
o
v

Thus QCD suggests a jet structure of final state hadrons.

e This structure is (approximately) modelled in Monte
Carlo event generators (Pythia, Herwig,. .. ).

“Summed” perturbation theory suggests this is OK.
But beware of “nonperturbative” effects!

That’s a qualitative success. But can you predict reliahle numbers?
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The long time problem

Perturbation theory not effective for long time physics.
But the detector is a long distance away!

A Answer
Use measurements that are not sensitive to long time
physics.
Example: the eTe™ annihilation total cross section.
Effects from Az > 1/+/s cancel because of unitarity:

(017" )U(y', 00)U (00, )T (3)10)

= (0lJ ("', 9)J(4)]0)

At order ay, this works by a cancellation between real
gluon emission graphs and virtual gluon graphs.

If the total cross section is all you can look at, QCI) physics will be a

little boring!

Infrared safe guantities

Some quantities are not sensitive to infrared effects.

1 dol2]
IT==/dQ, — . pf
2' 2 dﬂg 52 (pl ;pz)
1 do(3] '
= —_ 0 Qo (pH pt pH
3l /dQQdE?’dQ“‘ dQsdE5dls 5(PY>P%, %)

1
+ ] / dSledE3dQ3dEydQy

9 dol4]
dYodE3dQ3dE,dS),

54 ?,pgng:PZ)

+...

Need (for A=00r0 < A< 1)

Sat1(PF -5 (1= N)ph, Aph) =SBl -, ).

X—
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What does infrared safety mean?

Sn—l—l (p‘f; ey (1 - A)Pﬁ, Apfp,) = ’Sn(pli"7 T )pﬁ)

The physical meaning is that for an IR-safe quantity a

. physical event with hadron jets should give approximately

the same measurement as a parton event:

The calculational meaning is that infinities cancel.

Examples: total cross section, thrust distribution, energy-

energy correlation function, jet cross sections.
A\

Deeply inelastic scattering

The effect of partons

A) Kinematics of deeply inelastic scattering.
B) Structure functions for DIS. '
C) Space-time structure of DIS.

D) Factored cross section.

E) The hard scattering cross section.

F) Factorization for the structure functions.
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Kinematics of deeply inelastic lepton scattering Structure functions for DIS

£Ek) + h(p) = £ + X. Ny
gt =kt — k' Kk ' ;/

~——a r//

Included here: v or W exchange. For HERA need also Z

exchange.
Analysis does not require QCD, just electroweak theory:
Q* =—¢ d0® PK 1 i
Q2 Q2 do = S 2|k'| (q2 _ M2)2 Lt (k7Q) I/I/ll'/(p; Q)'
Thj = or A
T 2p-q 2p-q 1
. v ! v
“Deeply inelastic” = Q% — o0, = fixed. L = §TI' (k- v THE -y T7).
Then also _
' e quqv . 9
11—z W w = 77 F xr,
W72=(p+q)2:m%+TQ2_>oo_ : &z <91 2 ) (2, Q%)
p-q p-q\ 1 2.
) + Q= v = Qv—— | — Fy(x, Q") -
Lepton variables related to hadron variables by (p# T q? ) (p 1 q? > p-q (@ )_

p-q . ro 1 9
O — €40 D G Fy(z, Q7).
y p‘k H pq )
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Cross section in terms of structure functions

s

.k ,5/‘

Result (neglecting m?2 /Q?):

do = , 1—y N Y
=N(Q7) |yF Fy +dy (1= 2)F
dz dy /(J)[y‘_l—my 5 + e ( 2)3
Here
-~ 471'052 - _ _
N ZEQT, ) Oy :O, e +h—e X,
. 7TG!2Q2 i )
N = , v =1, v+h—ae X
4sin¥0w) (Q? + M)? o ’
1\~7 7TO!2Q2

— C ) .
B 4Sin2(9W) (Q2 +M)2) d‘-’ = 1, U+ h - eTX.

Use y dependence to determine Fy, Fy, F;.

Space-time structure of DIS

A convenient reference frame

A convenient frame is [components (v, v, vp)]:

("0 q) = % (-Q,Q,0)

2
xmh

"5, 2) ~ s (3, 78,0

Q ?

¢ Hadron momentum is big,.

¢ Momentum transfer is big.



Interactions within a fast moving hadron

x+

= Lorentz transformation spreads out interactions. Hadron
o0 . . .
at rest has separation between interactions

Azt ~ Az~ ~ }—
m
Moving hadron has
1 @ @ ' 1 m 1
T —x == Az7 & — X — = —.
Az m % m  m2’ o m Q @

The virtual photon meets the fast moving hadron
Moving hadron has ‘ -
Azt ~ Q[m’.
Interaction with photon with ¢~ ~ Q is localized to within
' Azt ~1/Q.
Thus quarks and gluons = “partons” are effectively free.

x—

At a given 2, find partons with an amplitude

B0y, P13 03, P2i ), 0<py.
The p; are negligible. For p;", use momentum fractions
fi—‘—p;‘/p"', 0<é <1

= Hadron is like a collection of free massless partons with
v = 1, parallel momenta.
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Summary so far

Final states
o Collinear parton splitting and joining — singularities.
¢ Soft gluon emission and absorption— singularities.
o This suggests a jet structure of final states.

¢ The singularities reflect long time physics.
¢ For short time physics, use infrared safe observables.

DIS

¢ One photon exchange — structure functions.

e Collinear splitting and joining in initial hadron

« Partons are effectively nearly free.

Factored cross section

Treat hadron as a collection of free massless partons with
parallel momenta.

p

do ! . déa(w)
dE! dw' N/O dé; ﬁi/l)(é.a/-l') dE dw' + O(m/Q).

Jasp(€, 1t) d€ = probability to find a parton
with flavor a = g,u, 4,4, . . .,
in hadron h,
carrying momentum fraction ¢ = p}/pt.

dG,/dE' dw' = cross section for scattering that parton.

We delay discussion of the [ dependence.



The hard scattering cross section Factorization for the structure functions

We will look at DIS in a little detail since it is so important.
Our object is to derive a formula relating the measured
- structure functions to structure functions calculated at the

To calculate db, (u)/dE' dw' use diagrams like

: Ny " ‘ S,/ ’ parton level. Then we will look at the parton level at lowest
& 5 “‘\i\_\\'/” order. Start with ' -
\\3\\./ . q dCf 1 d da'a. O .
q dE dw' ) §Z Jaynl8) AE! du! +0(m/Q).
Ep j‘gﬁ“ﬂ ¢
Lowest order. Higher order.

Kinematics of lowest order diagram:

B
P
Write this in terms of = and y variables:
_Pa_¢&p-gq
Ept + gt =0. Yok T ok
pt=Q/(V2), ¢+ = -Q/V2. @ Q@ .
30 | g S T

do ' 1] de,
dvdy /0 d ; Jari(&) £ [ e dyL:a/E + O(m/Q).
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Relate cross sections to structure functions

[ €S ) g Flam]  +oumq)

For « exchange,

L

da

(Q?)[ur @)+ Y

dar rlz/

dd,

G = V@) [yp (/6,07 + (x/‘)

So the structure functions can be factored as

B w60

Fi(z,0°) ~ / OIFNC £E0(5/6,Q%) + O/ Q).

1
Po@,@?) ~ [ 3D f) 5 a/6,0%) + O(m/ Q)

(e ,Qz)] +O(m/Q).

Structure functions at lowest order

A simple calculation gives
Fr(o/6, @) = 5@ 8(z/& = 1) + O(aw),
while we recall '
) .
@Y~ [ 43 ke £77(0/6,0%) + O/ Q)
So

Fi(z,Q%) ~ —Z Q2 fun(@) + O(as) + O(m/Q).

i o
.Y &

i :q -
Similarly, a simple calculation gives

B (/¢,Q%) = @ 8(z/€ ~ 1) + O(a),

while we recall

Fa(z, @%) / €S il £) B8 (/6,Q) + O(m/Q).

So
FZ (ZL’, Q2

Z Q x fa/h

Factor 1/2 between Fy and F»: quarks have spin 1/2.

+ O(as) + O(m/Q).
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Preview of parton distributions

e There is a definition in terms of operators so they are
process independent.
e Sum rules are automatic. Eg.

1
ZL dgf fa./h(énu‘) = 1.

e We don’t calculate f, but the definition adopted deter-
mines how d& is calculated.

e The parton distributions appear in the QCD formula for
any process with one or two hadrons in the initial state.
e Comparison of theory with experiment allows one to fit
the parton distributions.

¢ The evolution with scale is predicted, so one has only to

. fit the parton distributions at a starting scale pg.

o There are lots of experiments, so this program won’t
work unless QCD is right.

Renormalization and factorization scales

What QCD looks like depends on the time scale ot which
you look.

A) What renormalization does.

B) The running coupling.

C) The choice of renormalization scale.

D) The scale dependent parton distributions.

E) The choice of factorization scale.

F) Some comments on parton distribution functions.
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What renormalization does

Use MS renormalization with renormalization scale p:

e Physics of time scales [t| < 1/p removed from perturba-
tive calculation.

o Effect of small time physics accounted for by adjusting
value of the coupling®: a; = a,s(u).

X- ,: x+

i - \/7
! —_— -

*This is not exactly the truth. There are also running masses m{p)
and there are ¢ dependent adjustments to the normalizations of the field
operators. In addition, renormalization by dimensional regularization
and minimal subtraction is not exactly the same as imposing a cutoff
|Az|>1/p.

The running coupling

We account for time scales much smaller than 1/p (blit
bigger than a cutoff M at the “GUT scale”) by using the
running coupling.

renormalization
aroupn fixed order
7, ,

" log(1/M) fog(1/) log(At) .

This sums the effects of short time fluctuations of the fields.

@m‘

§
1 .

mn@mw v
\‘ P

e

Renormalization group equation for a,:

d
din p?

o (1) = Bles ()
with |

ﬂ(a;(#)) = —fo %Hl - B (—%—(u—)f 4 .

™
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e
o

» /@m
w
Ry —

~

Result, of one-loop renormalization group equation,

a as (1) = —fo % (1)

dln p? T

can be written three ways:

as () ~ as (M) — (Bo/m) log(1*/M?) o (M)

+ (Bo/m)? log? (12 M?) o (M) + - - -

_ s (M)
1+ (Bo/m)s (M) log(u? /[ M?)

~ B log(ué/A25-

¢ o, (i) decreases as p increases.

Bul what should the scale u be?

The choice of scale

Example: Cross section for ete~ — hadrons via virtual
photon:

12mo?
8

Otot =

> Q3| 1+A4]
hi

2
Ap) = 05_7({@ + [1.4092 + 1.9167 log (1°/s)] (“siu))

+ [—12.805 + 7.8179 log (11%/s) + 3.674 log” (1?/s)]

g (as(,“') )3
T
PN '
Clearly, log (u*/s) should not be big.

e a; depends on p.

e Coefficients depend on p.

e Physical cross section does not depend on u.

e The harder we work, the less the calculated cross section
depends on u:

N
Y calw) as(m)™ ~ Ofas (W)™+)

n=1

d
dlog p
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Choosing 1t

Recall A(p) defined by
Otot = (121ra2/s) (Z Q?e) 1+ A].

Take a(Mz) = 0.117, /s = 34 GeV, 5 flavors. I plot

A(u) versus p defined by
p=2"/s.

0.05} _

0.04

0.03

0.02

0.01

0

First curve: Aq(p) = a,(p)/x.

Second curve (note improvement):
As{p) including o2 term.

¢ Possible choice:

. dA
p=p

Error band: estimated using p = 2f or p = (1/2)f.

One more order

I plot again A(u) versus p (u = 2P4/s).

0.06

0.05

0.04f o~

0.03

0.02

0.01

0

Three curves: Ay (p), Aa(p), Az(p).

Magnified view (including our A (p) error band):

0.05 \

0.048

0.046

0.044

0.042

Was the error estimate valid?



Summary so far

DIS

¢ Collinear splitting and joining in initial hadron
e This long distance physics — parton distributions.

o Hard scattering factor is calculated. .

e At lowest order, the hard scattering part of DIS is trivial,
so measured structure functions & parton distributions.

Renormalization

e Renormalization removes from the theory effects from

At < 1/p.

¢ The coupling a;, etc. depend on how much you removed.x

¢ Choose p ~ p to avoid In(u®/p?).

[

[\

(@)

Fo( C max,d
\fLL\\m‘nA}i gl

-

——,

M/ﬁ,wﬂ\_ A P2 o]

ﬁ{_@{uﬂ_{(d 1PN /'k

{
i
{.
L ¢ | [
.q(L, ﬂiiqw I M i
f ; X ((t']'l) = 0, ((9
2 A e ; :
U oy s i
’@41+\h"'+£i ! U) \(4)
@ ep / @

»

Scales in the factored cross section

Recall the expression for the factored cross section in DIS:

do
dE' duw'

|
\\k& /—,;r "
\.
g
sp

P

! a(/«l')
N,/o d&za: fa/h.(fuu) dE' dw’ +O( /Q)

Jayul&, 1t) d§ = probability to find a parton
with flavor a = g,u,4,d, .. .,
in hadron A,
carrying momentum fraction ¢ = p/pt.

db./dE' dw' = cross section for scattering that parton.

What about the u dependence?

Look at the definition of the parton distribution functions. -

ms At

oA {30“44‘;. -éllz..& ah Trs ety e ,].{‘ .

ALL(-{;[ Traction atf

PR3

b

=0

Aty —

CowJ e

/\,Q‘vw — ’“‘@"‘ -+ Vé\(uc

—gr gyt
[
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MS definition of parton distribution functions

Quarks:

ften) =5 [ W %9 (o105, 0)y* Fops(0) ).

T
F ="Pexp (—z’g/ dz” AT(0,27,0) ta> .
0

DIS . Parton distribution

This is renormalized (MS) with scale u:
k? < pi? included in f;/p (€, 1)

Gluons: similar definition using gluon field.

Evolution of the parton distributions

There is a renormalization group equation that gives the
pr dependence:

d kf—éﬂ»i/\ Qxe/
a/h\T; =
dlog “Ff /(T LF) /,/

1 P
Z/ % Pop(z /& as(pr)) forn(é nr)-
o €

xp

dlog pr

Pusla /6, (ur)) = P (e /6) 227)
+ P /9) (“sw))

+...



Summation of perturbative effects

One often needs to sum the most important part of each
of an infinite number of graphs. The differential equation

_d

}:/ %Pab(a:/g,as(#f")) Toyn(§, ur)
b VT :

accomplishes such a summation. (cf. the renormalization
group equation for the running coupling.)

The physical effect that we account for here is fluctuations
within fluctuations within ....

I

N

(o]

11111313 )
o
A
v
( -
L (”'\_/

Al
LS\‘)C:'r.::z.."l/\
E‘[ = [0 C%»é‘/v

tl.c.g,M~ Aot (O

«éa(')erf, ’}l\ _‘) ﬂ)( P 7['0()

,£J./-0( < g&’t‘(‘, (s et Bt ™

(28 { f‘t. -l C.x;,‘f' d( PR ﬁ“-;]".‘atvuc_:?..,__

ur dependence

-

’ T
A brtke.
t 1 @H’/U ’ W ¥t é‘w\@m%a S

Axt’s cover a range from Q/m to 1/Q to € 1/Q.

A gluon emission with k? ~ m? is part of ().

A gluon emission with k? ~ Q2 is part of dé.

When calculating &, we (roughly speaking) count it as part
of ¢(€) for k* < p% and as part of d5 for p2 < k2.

hard scattering parton distributions

log(1/yt) log(At)

= doa(ur)/dE" dw' and f, (€, we) depend on pg.
o ppin fryp(€, ur) = “factorization scale.”
“renormalization scale.”

o pin ag(p) =

As with g,-the higher order calculation you use, the less
dependence on ug there is.

o Often one sets pp = p.

‘{’(O)J/(’Pf) %[a)
- eﬁﬁj '

2
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Contour graphs of scale dependence

As an example, look at the one jet inclusive cross section
in proton-antiproton collisions at +/s = 1800 GeV.

How does it depend on p in as(p) and pr in fu/(z, pp)?

= (Br/2) x 2NV pp = (Er/2) x 2Nco

do [dEy dn at rapidity 7 = 0 with arbitrary normalization,
5% contour lines.

Er =100 GeV Er =500 GeV

e Variation with scale is roughly +£10% both for medium
and large Er.

QCD in hadron-hadron collisions

Initial state, hard scattering, final state

A) Kinematics: rapidity.

B) Production of v*, W, Z.

C) Heavy quark production.

D) Jet production and jet definitions.
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Kinematics: rapidity -

et

&_,V’.—s':_ﬂy—

Rapidity y (or 1) is useful for hadron-hadron collisions.
Choose ¢.m. frame with z-axis along the beam direction.

Massive particle (e.g. Z-boson productioh):
o Momentum ¢* = (¢%,q7,q)..

Y= % log(-g—?) . /'(}\ff""vevw
¢ = @V@ IO, e ETIO, o).
e Transformation propérty under a boost along z-axis:
¢t se'qt, ¢ veYgT, q-rq.
Yy —=>y+w.

o Good because the c.m. frame isn’t so special.

[
L i ¥

Pseudorapidity
Recall the definition of rapidity:

_ 1. (d
v=gioe({).

For a massless particle this is

y = —log (tan(©/2))

If the particle isn’t quite massless, — log (tan(©/2)) is the
“pseudorapidity.”
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+*, W, Z production in hadron-hadron collisions

Consider the process (“Drell~Yan”)

NZ/ déA/ dfp fasa(€astt) foyn(€n, ) ———2 ‘]a“” '“)

dy

‘This has corrections of order m/M.

When d6,;/dy is calculated to order oY then there are
corrections of order aN+1.

We integrate over q; Z’s are mostly at q < M.

\
N\

o g

€ ¥

‘ N o
A+B—Z+X. A B
Let
Viy i al s %\7
) Lot yaten
Factored form of cross section: Y b Lol
] m2as
do PR

h’fblﬂ W letr Tt e T b

Historical importance of vector boson production

For A+ B — pt + p~ + X one has the formula.

o
d() u’y

164
Z/ de/ d&B fajaléa, 1) fiyu(€n, 1) (;ngl)

where @? is the squared mass of the muon pair.

e Before QCD, one had partons and QED. Partons and
QED did a good job explaining deeply inelastic scattering.
e But there were other ways to explain DIS.

e Drell and Yan proposed to explain the Lederman et al.
experiment using the lowest order version of this formula.

o It worked!

vé\f‘b‘f £-s ‘r\/

K) 2'1 k. ""?‘“f‘

L rs s

raq

TS 2y

T :»/L
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Factorization is not so obvious

For A+ B = ut + p~ + X one has the formula

do
dQ?dy -

! ! diran (1)
dta / den fualn, ) foym(En ) Sooiit)
;b /a:A ¢p / dQ?*dy
up to m? /Q,2 corrections. o«
_: //-’
T
B \\

Py

This result is not so obvious, and in fact does not hoid
graph by graph.

e Need unitarity.
¢ Need causality.
e Need gauge invariance.

Heavy quark production

A+B—-Q+Q+X.

Here the big momentum scale (like @ in DIS) is Mg.

N 1 1 w
o NZ,,/mAdEA /msdﬁs fayal€a, n) foyp(€n, ) 6% (1)

Is this really perturbative?

The crucial point is that even if the final state heavy quarks
are on-shell, the “exchanged” heavy quark has virtuality
at least as big as MQ
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Jet, production What does one mean by a jet?'

One can also measure cross sections to make jets, Consid
' onsider

do '
dET d77 ’

A+ B — jet+ X.

PA g

The idea is that the partons in the final state turn into
collimated sprays of physical particles (“jets”). The cross

section has the factored form Ep = transverse energy [~ transverse momentum] of jet.
o o 7 = rapidity [~ —log(tan(6/2)] of jet .
dEpdny ~ e o Substantial Er at large angles = care with the definition.
1 1 5o () e In particular, the definition should be infrared safe.

E / déa / g fasal€a:1t) forn(€s n) dBrdn e There are several possibilities. The one most used in

ap A TEB o hadron-hadron collisions is based on cones. |
But what do you mean hy a jet? ) A n,%,:::: \; |

VET :
’.J/A...y". n Lm 'A/E\ ‘;/‘é‘f( Ie ﬂ{‘ﬂa ?
/./‘. @\
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L

’(’6/ av‘n\l

_“Snowmass Accord” definition k7 algorithm

Define jet cone of radius R in 7-¢ space.

&

In application, the Snowmass definition has a lot of “fine
print” that I have not discussed.

It is possible to use an iterative successive combination
algorithm, as used in e*e™ annihilation. -

The main idea is to use Ep, n and ¢ as variables, and to

I
&

! o . take the many low Ep particles into account.
O P \
i |
\
,\
¢ Choose a merging parameter R.
o Start with a list of “protojets” with momenta pf, ..., ply-
Erg e We also start with an empty list of finished jets.
Jet axis: o Result is a list of momenta py of jets, ordered in E.
by = e Many will have small Ez and are really minijets, or just
part of low Ep debris. ,
e For an exclusive n jet cross section, use an Eq min
ny =
ET’J i€cone

» The cone axis must agree with the jet axis.

JrL & sy L il {an Ot
Ron, e )
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1. For each pair of protojets define
dij = min(EF ;, B3 ) [(m: — 1;)° + (: — ¢;)°1/ R

For each protojet define

K o 1 k"efna{

di = E’%,’L

2. Find the smallest of all the d;; and the d;. Call it d;,
3. I dyin is a d;j, merge protojets ¢ and j into a new
protojet k with

Err=FEr;+ Er,;
e = [Eri 1 + Er;05]/ Bk ‘
¢r = [Eri b + Er; ¢5]/ B
4, ¥ If dnsa is & d;, then protojet 7 is “not mergable.”

Remove it from the list of protojets and add it to the list
of jets.

5. If protojets remain, go to 1.

% (Afﬁ Y'zf»(. 5 ﬁf?[{ . z(fl‘{: HLNR '{'J Gt
i

Af AR T SUR Y AN Eh}
&

Summary of today’s topics

o Parton distributions defined as matrix elements of certain
operators.

e A scale, up, divides At included in parton distributions

and At included in hard scattering.
e Parton distributions depend on pp.
e Choose p ~ p to avoid In(u% /p?).

o Hard processes in hadron-hadron collisions factor into

parton dist. X parton dist. X hard scattering

e BExamples: v*, W, Z; heavy quarks; jets.
e Jet cross sections need a definition.
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Heavy Ion Physics at RHIC

Y. Akiba (KEK, High Energy Accelerator Research Organization)
RIKEN Winter School, Wako, Japan, March 29-31

Abstract
Lattice QCD predicts that a phase transition from ordinary hadronic matter to a de-
confined phase of quark and gluons, the quark-gluon plasma (QGP), should occur at
sufficiently high energy density. Such high energy density state can be created in central
collision of heavy nuclei at high energy. The main goal of heavy ion physics at RHIC is
to find evidences of the QGP and to study its properties. RHIC started its first physics run
in year 2000 (RUN-1), and data of Au+Au collision at 130GeV were obtained. After an
introduction to heavy ion physics, the lecture summarized the results of RUN-1 obtained
by PHENIX experiment at RHIC in the following six topics.
(1) Global measurements
Charged particle multiplicity density dN,/dn and total transverse energy density
dE;/dy are measured as function of number of participant nucleons (N,,,). The data
shows that both quantity increases faster than N,,. The result suggests that initial
state parton-parton collision has significant contribution to those global variables.
(2) Flow effects in semi-central collisions
The initial space anisotropy of reaction zone in semi-central collision leads to final
state momentum anisotropy (flow). The strength of this elliptic flow at RHIC energy
was found to be much stronger than that at lower energies. This result is consistent
with a scenario of early thermalization and hydro-dynamical evolution.
(3) Space-time structure of reaction zone measured by two pion correlation
Two-pion correlation is used to measure the size and the duration time of reaction
zone at the freeze-out stage. The data shows that duration time of the freeze-out is
consistent with zero, and it contradicts with naive hydro-dynamical model predictions.
(4) Measurement of identified hadrons
Hadron production yield dN/dy and momentum distribution dN/dp; are measured.
The ratios of hadron yields are consistent with thermal model with T~170 MeV and
u~30MeV. The momentum spectra of K/p/p are also described by a thermal
distribution with a radial flow, with parameters Tth~120 MeV and B; = 0.7. Those
tesults suggest the realization of thermal and chemical equilibrium at RHIC.
(5) Measurement of high pt particle production
High pt particle production was measured, and found to be suppressed relative to the
scaling with number of binary collisions. This results is consistent with prediction of
jet quenching effect, and suggests that scattered quark and gluon suffer significant
energy loss in dense matter created at RHIC.
(6) Measurement of single electrons and implications for charm production
Single electron spectra in AutAu collision show an excess over background from
light hadron decays and photon conversions. The excess is consistent with semi-
leptonic decay of charm.
RHIC and PHENIX has just completed its second RUN (RUN-2). More results are
expected from RUN-2 data of RHIC.
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Heavy Ion Physics at RHIC

Y. Akiba (KEK)

PH:<ENIX Outline
e RHIC and PHENIX experiment

e Results from RHIC Run-1 (2000)
0 Global observables
o Flow
0 Two particle correlation
0 Hadron spectra and ratios
0 High pt particle production
a Single electron and charm
e Outlook

e For more...
QRHIC  http://www.rhic.bnl.gov
aPHENIX http://www.phenix.bnl.gov
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—~~—"_ Q: Why RHIC?
PH ENIX a: Quark Gluon Plasma
In cold matter: quark and gluons are confined in nucleon
In hot matter: quarks are de-confined.

Lattice QCD predicts that the de-confinement
phase transition at T~200 MeV

1100 A-Ge¥ Coliider | A
T 9. % i 2
S-atew & AR ?(;}eg‘my & ,
Bevitms @ Quark-Gluon 2 ‘Water Vapor
-200 MeV 4 Fiasma & -
g Hadronié B 17
g Matter “ {0100 AGev | 100°C
o g niucieon , Liguid
g Normal ,2_7}1\?‘ -Og,gfm; ;,” ‘Water
et Nucleus BEGAZA £
IR w 00 - vmome” W%“’-‘“«-—«.
¥ > pipg . ‘ B
1 -5 *20 J Ice .
Densiy S {1.8/0855 -1 760mm  Pressore
Nuclear Matter Water
3
il |
PH ENIX Phase transition in early Universe

e The Universe is in Quark Gluon Plasma Phase just
after the Big Bang.

e There was a phase transition from QGP to Hadron
phase at a few micro-second after the Big Bang.

The Big Bang
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PH-:-ENIX

e Collide heavy nucleus as high energy as possible
e Purpose:

a Produce very high energy density matter

o Re-create QGP phase in the laboratory

Recreate QGP by High Energy
Nucleus-Nucleus Collision

T Space Time evolution of Au+Au
PH--ENIX collisions
Two Au nuclei >l < parton-parton Drell-Yan (ee, pp) (M>6 GeV)
collide interactons Direct photon
Charm production (e,p,ee,ep,p)
High Pt particle production
ormation of <= ':' > uark/gluon energy loss?  Jet Quenching
€ t? i
ot & Dense matter co memej,n J¥ suppression (ce,up)
Thermal radiation from Thermal photon (y ee)
g QGP? Thermal lepton pair(ee,up)
Chiral symmetry Light vector mesons (ee)
kH adronization restoration? M, M, T,. )
qé Strangeness production K, A, E, Q production
= Chemical equilibrium? Hadron ratios (T, 1p)
|Hadron gas Thermal radiation Thermal photon (y See)
from hadron gas? Thermal lepton pair(ee, 1)
Re-scattering? Flow effects
Thermal equilibrium? Hadron Pt distribution, T,
Radial flow B,
E reeze Out Source size at freeze-out Two particle correlation
Duration time (HBT)

Reconstruct the space/time evolution from many observable
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PH- ENIX Relatlwstlc Heavy Ion Collider

e Located at BNL
e The first collider of heavy ion

e Two super-conducting rlngs
@ 3.83 km circumference
0 120 bunches/ring
@ 106 ns bunch crossing time
e Top Energy:
w» 512 =500 GeV for p-p
» 5'2=200 GeV for Au-Au
(total s¥2=40 TeV for AutAu)

o Luminosity
o Au-Aw 2 x 10% cm? 5!
a pp:2x103cem?s!
(polarized)
e Started physics run in spring
2000 at SNNV2 =56 and 130 GeV

—v—-

PH-: ENIX Experiments at RHIC

e Two “small” experiment

0 Phobos
@ Detector to measure low pt charged particles and dN/dn

@ Brahms

# Detector to measure hadron spectra in wide range of rapidity

e Two “large” experiments

o STAR
€ “47” tracking detector based on a large TPC
@ Limited capability in paricle identification
a PHENIX
@ Detector to measure electrons, muons, photons, and hadrons
@ High resolution, high granularity
4 Smaller solid angle coverage than STAR
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PH ENIX __ PHOBOS

"Cherenkov
. Mtd rapidity Spectrometer

Detector for low
global phenomena
Specialized for

¢ dN/dn

¢ Lowpt

P
Pibad

k4

PH ENIX BRAHMS

o Two magnetic spectrometers in “classic”
fixed-target configuration

Mid faPldltY o Identified single hadron measurements over
spectromeier {MRS) a broad range of rapidity and py
180 cm
ot
5m \
u = 2w
™A D1 ™ pz T2let 3 ii Q Dx‘/
SiMA . T4 3
Front forward ~ H1 Cpg TS ORGE
specirometer (FF&)° Back forward
S spectrometer (BFS)
15°
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PH ENIX STAR

e “4n” detector (measure ~2000 tracks/events)
e Limited rate and PID capability

PG|

-  Vertex
Position

Detectors .

‘Barrel EM gt -?,?gg;'
‘Calorimeter ‘Barrel

dm

Operation in 2000, 2001, 2003
11

—

PH ENIX | PHENIX

Two central arms to
measure electron,

photon, and hadrons
Three Global detectors e
for trigger and event e

characterization

Two forward muon

spectrometers

Measure lepton, photon, anud_r

hadron
Limited solid angle o

¢ (angle)
3

High rate and good PID capability =




PH: ENIX Experimental Challenge at RHIC

. SRTPY Event recorded by STAR detector
e Very high multiplicity of on June 25, 2000,

produced particles
a dN_/dn ~ 1000
0 High segmentation of detector is
required
e STAR approach

0 “4n” coverage with a large TPC
- 0 Event rate and Particle ID
capabilities are limited

e PHENIX approach
2 Multiple detector subsystem
with very high segmentation to
identify hadrons, photons, and
leptons
a High event rate

o Limited solid angle coverage 2

Al
AN
=1\

Gold Vs = 130, 200 GeV Gol
13 '

T

PH-:-ENIX RHIC operation

Completed and started physics in 2000
e RUN-1 (August — September, 2000)
O Au+ Au at s> =130 GeV
o Achieve ~10% of design luminosity

e RUN-2 (August 2001 — January 2002)

O Au + Au at s 1?2 =200 GeV
# Achieve design luminosity

o short (1 day) run AutAu at s 1’2 =22 GeV
o First polarized p+p run at s2 =200 GeV

e RUN-3 (November 2002 (?) - )
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PH=ENIX  Run-1 Results of PHENIX

e Global Measurements

0 Charged Multiplicity PRL 86 (2001) 3500
0 Transverse Energy - - PRL 87 (2001) 052301
e Elliptic flow measurement paper in preparation
e Event fluctuation
@ Charge fluctuation nucl-ex/0203014, submitted to PRL
o <Pt>, <et> fluctuation nucl-ex/0203015, submitted to PRC
e Two particle correlation nucl-ex/0201008, accepted in PRL
e Hadron production -
Q Knpspectra . - - nucl-ex/0112006, submitted to PRL
0 Particle ratios paper in preparation
a A production paper in preparation
e High pt particle production
a Suppression of high pt hadrons PRL 88 (2002) 022301
a Centrality dependence paper in preparation
e Electron and charm nucl-ex/0202002, accepted in PRL
15
——

PH--? ENIX Global measurements

TW(.) Au nuclei > . <
collide

Initial energy
. density & dXEy/dy
LP_‘Iormatlon of«¢ D | Mechanism of

ot & Dense matter

; : N, dependence
multi-particle <«—» of N, 5E,

production

IHadronization Parton scattering contribute
= to Nch and SE;?
=

Hadron gas Parton saturation effect?

freeze Out
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PH:-ENIX

Bjorken estimate for energy density

1 I "dE;
£g; = T Z,

?Qea‘y" . - ]
Teq 0’ E

PooxzRP e,y dy

=]
|

(=]
1

& Egj ~46 GCV/fms

Bjorken Energy Density (GeV/fm"),

-
)

il

0 05 1 15 2 25 3 35 4 45 S
Time (fm/c)

formation time: 0.2 - 1 fm

T~~~
=ENIX

e Measured by PC1-PC3
an]<0.35
aAp =90°
o Minimum bias
e Multiplicity density in
central collision
dN/dn=622=+41

(60 % increase from Pb+Pb
collisions at CERN SPS)

P

Transverse Energy and

Densi

u T T - =

2 F | Phys Rev. Len 87, 52301 2001
> L

PHENIX

0° |- ...'0‘ —.:

1 ;\‘ central 2% | * E

10 .u 3

TR — a??sw

e

o dE 0 “ 0GB/ oo
< T> = (57855 GeV )x(1.19+0.01)

dy /.

Initial condition: energy density
e significantly above expected critical
density
lattice: &, ~ 0.6 - 1.2 GeV/fm®

e > 1.6 increase compared to CERN
17

k] LI L L L 0L L L LML AL
° ! Phys. Rev. Lett. 86, 3500 (2001) ]
>. 4 e
WE E
: un.,"". E
10‘- ML TR T
C . ]
wE 3
- T
0E e, =
F ¢ ]
1 E~ Oﬂ:
T TR T PR N T T e
0 20 4 6 8 100 120 10 160 180
Number of tracks
| ISR W SO SUNUN ST SN U A S SO T N
0 200 a0
dN,,fdn i
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PH--ENIX RHIC : dN_/dn at Vs, = 130 GeV
— oM NN T

PHOBOS: [n|<1, Ad~1%7

dNg/dn = 555 + 12 + 35 (6% most central) PRL 0+ o
dN/dn = 579 £ 1 + 22 (6% most central) e

PHENIX: |n|<0.35, Ad =900

dN/dn = 622 = 1 + 41 (5% most central) F—o—3%
STAR: [n<18, A®=2r o1

dN,/dn = 567 + 1 + 38 (5% most central)

BRAHMS |n|<4.7

dN,/dn = 553 + 1 + 36 (5% most central) —o— 5%
@ Average
19 550 600 650 dNC"/d“nd)

PH--ENIX 9New/dn: pp and AA (central)

Collection of data points from pp and AA experiments.
AA values are divided by Number of participants
AA Fixed-target: - ~ 6 L ) Ay ]
dN,/dn approx. z - .
equal to dN;/dy s 5P RHIC E
= _ 3
AA Collider: 3 b3
dN,/dn not 2, o SPS # it t coF 3
equal to dN_/dy X H { 3 .
2  Aes : a* UAS =
*A+A dN/dhishigher thanp+p [ ) " ISR .
*Note large spread at SPS 1 E ' E
0: a1l . ..|--nlz L1 ....uls ) .
1 10 10 10 = (cev
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PH::-ENIX Basics: N,..., N

&0 &0

o pHp: Npart = 2, Nogy = 1 ©O—
[ p+A' Npan = NOO“ + 1 8

N ..~ 6 for Au ®©
(N ~ 8 or Au) € cotion B 5.

o Geometrical Model (Glauber
Model)
o Number of collsion (N,)

o Participants (Npaq)
% Nucleons that collide with nucleus

0 Spectators (2A —N,,;) . Spectators
¢ Nucleons that do not collide 1200+
® A+A: Nco“ oc Npart4l3 ;."..NCO“
QUESTION: | - -
How dN/dy behaves as function of 400 ﬂg?n
Npart ? . Y b(fm)
S .

21

e Use combination of ZDC and
BBC

o ZDC measures number of
spectator neutrons

o BBC measures charged
multiplicity (~ # of participants)
e Use Glauber model
- (geometrical model) to
determine centrality classes

ZDC

“Participants”

Zero Degree
Calorimeter
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® Measure N, and 2E per N,
e Both quantities increases faster than Npart

+Bx N

M/dﬂl”=0 =Ax Npart coll
%‘ o Charbed particle 'dens!ty per participant j g [
< | gt 1 3%
0 700 2o 300 700 % 300 250 300 00
A=088+028 A=080£024GeV)
B=03470.12 B=023F0.09GeV)
B/ A=0.38+0.19 B/4=0.29%+0.18
23
v )
PH - ENIX Globals: Summa

o 2E,

0 Bjorken energy density € = 4.6 GeV/fm3
# Initial density can be as high as 20 GeV/fm3
€ Well beyond Lattice estimate of € ;,

o dN/dn
0 60 % higher than Pb+Pb at SPS

0 Non-linear increase with N,
@ Hard scattering contribution (~ Ncoll)
@ Parton saturation?
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PH-ENIX Flow effects

Two Au nuclei
collide > ' <

Formation of €= D —
Hot & Dense matter
0o o
Early thermailzation? Stronger flow

Hydrodynamics? effect

o [Hadronization
E
= Hadr Hadron re-scattering? «—» Weaker flow
acton 835 effect
Freeze Out .
25
T

PH%}???::ENIX Flow effects in H.I.C.

In non-central A+A collisions, “flow” effect

has been observed.

The flow effect is caused by conversion of | Non-central Collisions |
spatial anisotropy to momentum anisotropy by
particle re-scattering

The flow becomes strong in the hydrodynamic
limit (strong re-scattering limit).

0.06 - p
004 £ : Eg&g in-;;;\ane .

a , v L/ )
= B BEMaEoSimy 5 f/ﬁ’ L7 o

VT ) _

age | ourtpane O : Reaction plane
2 Elliptic Flow
006 |-
008 | U\,

015 ; os( é.ov;.; 2.0 LOW Energy ? wm—— Squeeze-out
04 p, (GeV/c . . ¢ e

: . ” High Energy : In-plane Emission
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il Flow measurements by two particle

PH " EN’X correlation

Study A¢ Correlation PHENIX Detector - First Year Physics Run
between particles: Cemtal & Installed
PbSc Magact m\ i Active

n=}

? A (1-}—2217 cos(nA¢)-)[ %S:

R S A 7 - o e 2 SR bl
i T

-Event by event feaétmn plane
determination & Dispersion 7
Corrections Circumvented :

-Uncertainties associated with ™ /
Acceptance, efficiency Reduced

West Side View East

 Measured quantity: Fourier coefficient v,
V,: (Directed flow): small at RHIC
V,: (Eliptic flow): large at RHIC
27

—‘V“
PH ENIX Correlation Functions
Cent20-25(%) ___Cent40-45 (%)

1.04 () ':'(b} : o

i I s

L _ 4 A

102 ; 15
1.00 KMHV_ ;’

~ ! .3 @

088 L 19

i R 1<

© 104 () ,@"Z“Qi:"(d; 18
- &1 1A

1.02¢ Ty # 13

L 3 o 1A

1.00 ?\“‘e\ ‘\'\ru,/ ?E\N . /’4' 18
ossf ¢ L2 v ,'Q

] T i o i<

3 * i O

0.96 - r E Dt

Q 40 80 ‘120 160 0 40 80 120 160
A (deg.)

V, shows clear centrality and p; dependence
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PH:-ENIX V, vs. Pt

PHENIX preliminary o
0t ] = £ T 3
ol o Eeameam P i3 STAR 3
v <cmt<@(X) - ;/ onf PHENIX & 3
20 . A - ] [E7]1 o 3
315 2/? ’§/ i .1 -:“ ,..0'-'. "E
S A - 1 omE. e 3
10 [ i;,-:_a'/ },.r-"'! : 0.06 - _.r‘. -
i i - g
Nl ‘ , N T T T TN
0.0 0.5 ;;?Mewc) 1.5 20 ¢ 05 1 pf (GeV /55
Very strong Elliptic flow (V,) signal at RHIC
(V, increase from 3-4% at SPS to 6-7% at RHIC)
Strong pt Dependence
Consistent results from PHENIX and STAR
Strong flow effects suggests early thermalization at RHIC
29
V‘
PH--ENIX Scaled Eliptic Flow
- Scaled Eliptic flow
0 PHENIX PRELIMINARY Ay =Vole
m 03<p,<25(GeVk)
} @ 10<p<25 Here .. . . .
081 ¢ ¢ 1 e eccentlicity or initial spatial
wl ] ¢ 5 s anisotropy of “participants”
S| 80 8 o (<y<x)(<yH<x?>)
T ] (calculated from a Glauber model)
04
[ § "8 = = = = ., 1 Inlowpt, v,scaled withe
0zt 1  Athigh pt, the scaling breaks down
00l — '
0 10 20 30 40 50
«<——————— Centnality (%)
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PH ENIX Two particle correlation

Source size and duration
time of freeze-out can be

A .
Two Au nuclei >” <

collide .
Extracted from two particle
. : interference measurement.
Formation of D »
{Hot & Dense matter

In some model, a very long
duration time is predicted if
1st order phase | there is a first order phase

dé }Hadronization transition? transition.
bt Does it observed at RHIC?
JHadron gas '
Duration time
S and ) Two particle correlation
ouz;ce SIZ& <> measurement (HBT)
a
Freeze Out
. Freeze-out
31
‘—V_

PH ENIX  HBT measurements

C, =P,(p,>p,)/ P(p)P(p,) JP—— cwlD correlation function ;

=1+A exp (_q;vRiv )/ is a Gaussian distribution \r

=1+hexp(-g4R% ~}R} ~ 3R} — ¢, )

2

=1+A eXp (—QZideRsidﬁ - qiuthut - qlzongRizong )

Bertsch-Pratt parameterization scheme l

roo I ; : 2 aiadaad
C 007 004 ODS DDF 0.1 012 014 DIC 0.1 02
hwiGavic)

3 instalied

oot N -
s e BRN wse Active PHENIX Detecto

If we use LCMS
frame...

The duration time

At=4R2 -Ri /B

Sous
fnstaiied Active

& Beam direction Beam direction
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PH::ENIX 3-D correlation resulit

Au+Au- 21 Aut+Au- 2%

. 5 PHE:\[XPRELIM!N%RI 15 ....[...‘,.WF'.".’{Y. QQIF‘L/W,W{; S
% 1:4 _ "Num. of ] %, 14F  Num. c:f pairs: 3.3 millions
F13 ] 3 . i :
™ ] 3
I AU

09} : I TN ...

08 550" 100" 16050 100”160 50106130 ) 50 109" 160”50 100" 1050 106 150

grLCMS 4, q,, (MeVic) grLCMS s q,, (MeVic)
A =0.395+0.026 A =0.399 +0.026
R4 =4.42+£0.22 R 4 =4.411+0.22
R, =4.45120.22 [fm] Ry = _4.30 +0.24 [fm]
Rlong =5.28+0.32 Rlong =5.13 £ 0.26

(Errors are statistical only)

33
T - Comparison with other
PH--ENIX experiments
\/% = :% . %AI’I‘(FIL m"7ll7 W
PHENIX,STAR 130GeV G S N 5 e
NA44,NA49,CERES 17.2GeV SRS ; A -
AGS-E866 4.6GeV . AR
'E_ xEs5(pr) i PHENIX
Radii parameters depend on K; = Bt
» Transverse radii (Ry4. and R,,) L i

have very little dependence on
beam energy

-

L ULLR (LS LU LY LR ERELT LRI LU

£
e Almost all energy dependenceis =,
in longitudinal radius (Ry,,,)

ik
h
‘

0 o2 o3 oA o5 o8 or

k, (GeVic)

nucl-ex/0201008 acceptedi:f‘PRL
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PH < ENIX

In Hydrodynamical models

HBT uzzle

15t order phase transition - long duration time t

For static and transparent source
t= Sql't( I{out2 - Rsidez)

— Prediction:

T ™ T T

22 = i n
Ry >> R;; : g 2 gus
t d % 1. [ |
N o 1 migoooffog
PHENIX and STAR result: B 1= PHENIX
. 1250 W
Rout =Rside » 5 *
->Naive hydrodynamic models are 32 STAR
excluded o4E WT.=200 Mev} Hydro+cascade model
. e . 02~ T, =160 MeV
Poss1b11e. solutions to the puzzle o SIS |
* Dynamic effects K, (GeVic)
* Opacity? (reduce Rout)

¢ Frame dependence?

35

T
ng Au nuclei > . -
collide
Net proton density
Baryon transport > .
‘:lormation of — —_— dN/dy(p) — dN/dy(pbar)
ot & Dense matter Baryon pair produciton ¢—» dN/dy(pbar)
string fragmentation?
gluon junction model?
o [Hadronization Strangeness production «—» K A, E Q
g Chemical freeze-out <—  Hadron dN/dy ratios
|Hadron gas Thermal fit (T, Bg)
Thermal freeze-out <—» dN/dptofK,n, p, A, eic

¢Freeze Out Radial flow? Thermal fit (T, B)

155



T

PH - ENIX

Combined
0 Tracking
0 Beam-Beam Counter
0 Time-of-Flight array
provides excellent hadron
identification over broad

momentum band.

PHENIX High Resolution TOF

[-;] > ]
i

1Momentum [(GeV/e) '}
a

Aus+AuNs = 130 A GeV

K’+
p
2
0
2r
-4 g P
-6
gl [T R N ‘-...’,,..l‘,..1._L.',‘-4-v:i-
10 15 20 25 30 35 40 45 50 55 60
Timeo of Flight [ns]

PH::-ENIX

10’:

PHEMIX preliminary
ol ™ 10% Au-Au, 130 GeV
o .'“. positive
H‘?‘ 1- .4
% E- LE ]

5 £ Wy
b= 1l ]
Z10 ¢ "4
= E T
- ; - K-I- .* 1
10 «p :
10 4-lllll|Il||lIIIILJIIIIIIIIILLLIJIIIIIIIII_LIJ

0051152253 35445

p, (Gevic)

1d

37

156

1#21py E*Nidp,dy (¢ 1GEVY)

10°
PHEMIX preliminary
1oL " 10% Au-Au, 130 GeV|
8 negative
4y -
1 [ ]
.,
: L]
10 ¥
4
10° 4
«K*
10° B
10°

Hadron measurement

West

DC resolution
op/p~ 0.6%®3.6%p

.k
b 1S <pte1gmtevic
”‘E
o ©G=115ps

10% Central PHENIX Spectra

005 115225335 9445
p, {GeVic]
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PH - ENIX Hadron Yield

e dN/dy scaled by N, pair rises faster for (anti)p than pions with Npart

e Note: scaled for clarity

PHENIX preliminary PHENIX preliminary
| positive | negative
. 1:-.1:::::::Z:::::::::;::::::{ . r . : ;""——'* 20 +/_ 6%
z§ l_— - 1 i
[ K'x2 K'x2
0
i
: g B po1
2 g ¢ ¢ Pt
% i 3 ) ! —
P X SR T 65 +-7%
{ p'v?
10t 10}
JJJJIIIIIIIIIIII!'IIIIIIHIIIIII'IIII'II lllllllllllllllIl'lllllllll'lll!llllllll
0 50 100 150 200 250 300 350 0 50 100 150 200 250300 350

Noar

39

PH:-ENIX Kiz ratio in central collisions vs Vs,

e Strangeness enhancement

' 'K“*llln* 7 74 with respect to p+p collisions
B PHENIX
i o2 } ¢ % preliminary] ¥
| " . o fr T
i 5w -:
ol % K*/m (Kim)pn
; ] g" {, (Kim),, -
Kt S s .
. £ {
() . L g A
e @, ]
Q + @ PHENIX
0 sl I = . - ]
- s, + . é prellml'nar%
10 10
\Bn [GeV] S | Kk .
* K+In+ : Slightly decreases from top SPS energy. o SEE—— '2
* K-/n- : monotonically increases from AGS/SPS 10 S [GeV] 10
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PH: ENIX Collision energy dependence

are dramatically increasing

5 L ‘AGS  SPS RHIC
e p-/p+, K-/K+ and pbar/p §opree e S
vs. collision energy. % " PHENIX
o anti-particle/particle ratios ;ﬁ.‘""g - Preliminar.

[ ]

y
from SPS and AGS energies 10? Lo
v K7K*

. . E

and approaching unity. | . . 5o
‘ ' 1 10'\5;; [a.vi
E 04 S K _:
e (p-p)/(Npart pair) is E oss . Net proton
dramatically decreasing from AGS £ ©= (p-p) @ y=0 -
and SPS energy 2 azs .
S o2 PHENIX -
RHIC : factor 7 smaller than AGS £ °* . Preliminary]
energy. i .

* \]s,,N [GeV] !

T

. Refs. T Rafelski PLB(1991)333
Hadron resonance ideal gas T Sollfrank et al. PRC59(1999)1637

. .\ 2
pi = ,),slsil gtz T3 (,,m ’> Ka(mif Teh) /\QQ‘ X% T : Chemical freeze-out temperature
2m Ten B, :light-quark chemical potential
/\q = exp(p,q / Tch), Ay = exp(/u:s /Tch) u, :strangeness chemical potential

¥, - strangeness saturation factor
ot |
. § 0z ll'@w:n Quarks and gluons
? —t l. """""""""""""
; ’; ots | 8T
é g 01 -
L w E' 0.05 s
S o Had -
& L RPN TR
, : o o0z 04 o085 08 1 12 14
S e L Baryon Chemical Potential pg [GeV]
Ratio (data) e Fitresults: Ty~170MeV~T;
Fit by M. Kaneta to RHIC data FLB~3O MeV

Similar fits by other groups 158
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PH - ENIX Mean transverse momentum
0 _5 positive P 3 P g negative { {
ol ¢ 1 08 } ;} 20+/- 5% increase
07 } o
$ o0f p L o4 L
3 os g ! SR B g ! t
& 04 X o4 ]
Vet Y 63 20+/- 5% increase
02 02
* W “ b Open symbols:
P PR TP U A NP AP AP P P I B NS R P 7
0 50 100 150200 250 300 350 ¢ 50100150200250300350 PP collisions
participants participants

e Mean p, T with N_;, my — radial flow

° }Relgcive increase from peripheral to central same for =, K,
anti)p

e (Anti)proton significant T from pp collisions

submitted: 43

T Hydrodynamics model fit:

PH‘".’”’""EN'X M, distribution

Local thermalized fluid, with radial expanding flow

u’(t,r,z =0)=(cosh p, ¢, sinh p, 0)

d3n. —(u’pu )V Ten A
VIR = R el ey B i

* Integral over fluid volume

dn L . [ mrpcoshp prsinhp
demT OC/O rdr mTle (———_T%h ) Io ( 'I'th

Ref. : E.Schnedermann et al, PRC48 (1993) 2462

Flow profile used This simple model predicts the shapes of
Mt distribution of 7, K, p, A, etc for only

(,Br =4 (r /Rmax)) two parameters (T, B,) (if you chose a profile)
Can model describe the data?
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PH gNjx Fitto Single Particle Spectra

: PHENTIX Prelimin
Simultaneous fit (m, -my ) < 1 GeV (see : et ary
arrows) s " §1o=,

PHENIX Preliminary . I
NS £ g

i 10° P o 1w L § 1 5 1

3 43040 3 % o

3 17} g1 :-n", }o. 3

L) 5 & 3

" £" Sy $wl

310“ 310-' 100 100 05 1 7 15 2

g 107 g 107} p, (GeVic) P, (GeVic)

R T PHENIX Preliminary

©0-5% (x5)

0 05 1 15 2 25 0 05 1 15 2 25 . Csls(le
p(GeVic) p,(GeVic) gao _ ‘;mo anti-p
g, ¢ ,F
Exclude Tt resonances by fitting p, > 0.5 GeV/c & %,
2 2
The resonance region decreases T by ~20 MeV. "5?,-:, '}.,-r
Z
- &
é“ 3 §1oﬂr
wl N wl a
0685 1152253334 9051152253354

#,(GeVIc) (GeVIc)
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V— " -
PH--ENIX Hydrodynamics fit resut
5% Central mK*p*
0.21
0.18F X Preliminary
0.165 T =12P+4 MeV
~ | E— B,=0.72 £0.01
8 0.14-118-126 y2/dof = 30.0/40.0
e 0.12F
i 0.1
- Linear velocity profile ;
0.08 Gaussian density proﬁl'eE 0. 71 -0.73
Y i
04 05 06 07 08 0.9
Lo 08
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PH - ENIX High Pt particle production

Two Au nuclei . .
. d A Parton-parton High pt particle
collide ' scattering production
Formation of ¢— » .
Llot & Dense matter D Parton energy loss «—» S.uppressmr'l of
in dense matter hlgh ptp art'lcles
e (jet quenching)
o Ll—ladronization
g
-
Ereeze Out
47
—V‘
’ L] [ [
PH--ENIX High pt particle production
Leading Hadron
» In high energy collisions, scattered
quarks and gluons are observed as
high energy jets.
* Due to very high multiplicity, jets can
la Jet not be directly observed at RHIC.

Howeyver, jets can be observed by

their leading hadrons

* In the absence of nuclear effects
Yield of high pt hadrons should scale
with number of binary collisions

7, .
/ * PHENIX measures high pt charged
particles and ©t°
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PH::-ENIX

Beams of colored quarks

Jet Quenchin

( Cotorieds ) Little energy loss of quarks and gluons in hadronic

CHadrons ) > atter
A large energy loss due to gluon radiation in high

~ density matter is predicted
->Jet Quenching
2 T Trrrrrrel 1 ML T
] ‘v""‘ . No shadowing % . .
i\ T Erees ahadowing At RHIC, jet quenching can be observed as

'\‘ . HIJING shadowing |

suppression of high pt particle production.

CRN:
&
’ A prediction of jet quenching effect at RHIC by
os [Y = ] XN.Wang. The yield of hadrons in pt=2-6
ik . . . .
a0y vim200cev| € V/c is suppressed relative to scaling with
0 L vi number of binary collisions (Ncoll).
pr(Gev/cy
49
T Nuclear effects in high pt

_leszNlX particle production

In the absence of nuclear effects, high pt particle production should
scale with number of binary collisions (Ncoll).

1 Yield(AA) _lopd4 _,
= =1 R, =————==1
Ncoll Yield(NN) A o(pp)
A+A p+A
Known nuclear effects
Cronin Effect Nuclear Shadowing

Multiple scattering of partons  Reduction of parton density q(x),G(x)
->Increase of high pt particle  in pucleus.

SR, ,>1 > R,,<I

e All p+A data shows that high pt particle production in nuclear target
is larger than the binary (Ncoll) scaling. This implies that the Cronin
effect is greater than the nuclear shadowing.
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PH- ENIX

“Ordlnary” Nuclear Effects

¢ Nuclear shadowing at small x—» at RHIC x~ 2p/\s <0.02

o initial state multiple scattering of partons:

10 N T T Ty —T ]
aii | E=158 AGeV Pb+Pb 4]
I & #10% control (wAg8) :
3. 8 b 5% central (NAM9) L/

S O % 10% control (Nad4) %

A & 1 5% contra P (CERES) il {—

E saturates at ~ 2
z | above 2.5 GeV
V C ]

\ - J
~~ I o
ot 1
T of ;
% el S increase aﬂove 1

[——— at 1.5 GeV]

P | L ' .
10"

1
pr (Gev/c)
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PH- ENIX

“Cronin effect

traditional analysis:

— Aa(Pt) o

pp

“anomalous” nuclear enhancement
a>1 above ~2 GeV/e

Nuclear Modification Factor:

-1 (dzo-w)/(dzapp)
(Nyinary) \ Wi} )] \ dydp?

increase above one at same p,

Ry

-High pt measurements
with PHENIX

e Neutral Pion

e Charged Particles

o EMCal
o {east & west)

o DC, PC1, PCB

f

U Phys. Rev. Lert, 88 022301 2000 |

% o  Auehu - 130 GaV
Il
&
% g
Sl ) .
i %, st L seswrad
o '
k] :
%o .
k= ; kS
P s L3
%’0 i ’:, “ ;- N L
5 § penphes T3 perpherat ! o :
= L 4 E
. b k i
z "» ¥ Pese i
- M B
| ssaedNeNreferense | - Saled Nalrelerence
& 2 4 2
Pr (Ge\/.-’c} pT{GeV ic}

Beam View

Wost
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P

H fN 'x Nuclear Modification Factor Au-Au to p-p

| Phys. Rev. Len. 88 022301 2001 |

e Ratio exhibits characteristic

D:E Au;-Au *'JsNN= 130 GeV features:
central 0-10% 0 charged:
- Granye 4 I PHENIX increases up to ~ 2 GeV
o * " . PbPbiA) CERNSPS i saturat'es atR,,~0.6
o+ CERN-ISR 7 o neutral pions:
s J { ~ constant at Ry, ~ 0.4
[ ey - } e Estimate of systematic
iy error
1k i __-*“f . binary sealing a data:
;‘, PR R - charged 16-30%
by 7 21-35%
it L a <N > 1%
el Loy “e. b ry
e - aNNref. 20-35%
0 i I L A e
0 4
2 p; (GeVic) total 30-50%
within systematic errors: (depending on p,)
R, <1 pending on p,
53
T Nucleon to Pion Ratios and

PH-ENIX

Soft to Hard Transition

empirical determination
of soft/hard transition at ISR

10% central Au-Au @ 130 GeV

p/n rising with p; up to 3 GeV

10% central Au~Au @ 130 GeV

[
S}~ e p! n*, PHENIX preliminary) 5t ep’I 7", PHENIX prelininary
£ m, scaling [ e p/=0, PHENDX preliminary ap 79, PHENIX preliminary
) 4l op/, pp @3 GaV,ISR , 4F op17.pp @63 GeV. ISR
£ > 4 c [ %,
= \PQCD 3 af F
= == E lP ‘é
measured 2 &
2, + z
J Pr :
soft/hard transition | ++
particle ratios have + ,J;o
different p; dependence ol 10 T
for soft and hard component 0o 1 2 3 4 3
py{GeVic) p+ (GeVie)
e ISR p-p soft/hard transition below 2 GeV
e RHIC Au-A soft/hard transition above 3 GeV?
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PH:-ENIX

Single electron and Charm

Two Au nuclei Initial gluon density Charm producti
. > on
collide > ' < (gluon shadowing?) P
Thermal production =~ +—* Charm enhancement?
|[Formation of ¢— » of charm
Hot & Dense matter

Energy loss of charm  «—  Chamm pt distribution

Charm is a very good’

Hadronization probe of initial stage of
g heavy ion collisions.
=
HHadron gas Charm production at RHIC

can be studied from its
decay to single electrons

freeze Out

55
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PH--ENIX single electrons at high pt

o At ISR(s\\*~60GeV), “prompt” : ;
electron s?gnal is observed at - ' (._S 1??‘?4_1_3?10“)
e/n -~ 2x1 0-4. . (s D S A LT

o The most likely source of the R
electrons is charm semi-leptonic - e
decay I e

o At RHIC (sy,*~200GeV), the e T
electron signal from charm is A e
expected at e/n ~ 34 x104in s T
p+p b h:b‘x S e RS

e Thee/nratio canbe as highas |- ™ ey
108 in Au+Au collision B

o Production of charm quark is T
expected to scale with binary S Rt
collisions. » —r T, i g

a Production of the high pt pionsis . T e g
suppressed relative to binary - T |
scaling by about factor 3 A

165



PH::ENIX Electron measurment in PHENIX

o Electrons are identified by RICH énd

EMCAL E/p ratio  oscevep<nsgev
; L e e A KA AAN
' T . pC3 B LI P
ose VR WO g, Tl '~ Alicharged
. SR » of gl T L, i
_..;_\\ o ) . - . 10 ;.J" i : 1..:1_ ‘L{ : —
O : o T . )
pose " ose i 1 hi N ]
= e e yithRicH hit ~F |
[ . AN e - 1°§ : . : ’ HE I 3
S RACHS e ‘wen E \ o Tl
. — ‘ 10 —p T
Swse ey per e : !
: B i 10
West  Beam View East Y T I
! 0 02040608 1 12 14 1618 2
{

o A clear peak in the energy/momentum (E/p) ratio is seen at 1.0 after RICH
hit is required

o EMCAL E/p cut cleans up the rest of the background.
o Random background is also subtracted by an event mixing method
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PH-=ENIX Single electron spectrum

¥ 10
T EAWAU-->E+ X ({5130 Ge\(’), . e Fully corrected
° 1 e +e :
S; :,.1.‘ e Central  (0-10%) Smglte el.ecg:lréle
: e s min.bias (0-g2%) | SPectrainr :
T . m e % Peripheral (60-80%) | @ The spectra includes
< - T e background such as
5 6 T, e Dalitz decays and
% S TIREetLS photon conversions.
z w* 2

s Iﬂ« :

10'5 . P | PSRN NN IR ST SOUVT SN JRE RN JH S SO AN R S

1] 05 1 15 2

2'ST(Gewc)3
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ol Background from light hadron

PH:+ENIX decays

0 > etey N *~80% of background
0D vyy . Proportional to pion
* conversion ~ 1.9 x Dalitz in PHENIX

e'e |
n->etey D
n>vy > ~20% of n° contribution at high pt
ee ‘
Other contributions: small

e The measured electron spectra includes trivial
background from light hadron decays such as =n° Dalitz
decay and photon conversions.

e The background is estimated using a hadron decay
gilnEem;?r that is constrained by pion measurement by

59

——

PH- ENIX

R L e B B e e o
AushAu '\, =130 GeV
Minimum Biss Collisions

Data/background ratio

The Upper panel shows
data/background ratio as
function of p, for min. bias
collisions.

The data show excess
above background in pt>0.6

X}
12
[ ]

[

N
tn

-
t»

ratio databhackgrousnd
N
lr‘I"T|1T[||'||||I||||
T ARTRRARRRE INIRARRRTRNAY)
o

s ST GeV/e.
| e Central collision data also
P 5 show similar excess.
Lowd e Peripheral data do not have
w b J enough statistics

1) Dallitz
--------------- oo e The low panel shows the

relative contribution to the
background from various
sources.

relative contribution to background
3 8
| \ 3
ot
| N
| 2o
P o
2

3
p; [GeVic]
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PH:-ENIX cCharm contribution to the signal

e Semi-leptonic decay of charm is an expected
source of the electron signal above the
background.

e The electron spectrum from charm decay is
evaluated by PYTHIA

e PYTHIA parameters are tuned such that
fixed target charm data and ISR single
electron data are well reproduced.

o PYTHIA6.152+CTEQ5L, Mc=1.25 GeV, K=3.5,
<k>=1.5 GeV/c

o o(pp~>cc)=330 ub at 130 GeV by this PYTHIA
calculation

61

T~ Background-subtracted single
§:-ENIX electron spectra

e Spectra of single electron
signal is compared with
the calculated charm

=
S,

Au+Au —et+ X (\]s nn= 130 GeV)
: (e’+e)2

-
o

5 min. bias (x100) contribution.
1 . -
* central e Charm contribution
" ---- b —e (central) calculated as

EdN_/dp3 = T,,Edc/dp?
D Taa: nuclear overlap integral
] a Edo/dp3: electron spectrum
from charm d'ecaﬁ
10° e M calculated using PYTHIA
sl @ The agreement is
e’ reasonably good.

N V27 1y dNIdp dy (GeVic)
3 3

-t Py
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T Charm cross section from the

PH - ENIX electron data

¢ We can estimate the charm yield by assuming that all single
electrons above the background are from charm
a Neglect other possible sources such as thermal y and dl-leptons
a Charm yield can be over-estimated.
e By fitting the PYTHIA electron spectrum to the data for pt>0.8
GeV/c, we obtained charm yield Ncc per event.
o The charm cross section per binary NN collision is obtained as

N S
cc TAA cc .
e T,, is nuclear overlap integral ~ NN integrated luminosity per
event
0 Taa=22.6+1.6/mb (central 0-10%)
0 Tpa=6.220.4/mb (min. bias 0-92%)
o Charm cross section per NN collision in central and minimum
bias collision are obtained as

0 -(0~10%) = 380+ 60+ 2004b
0 -(0—92%) = 420£33 +250b

63

T Comparison with other

PH - ENIX experiments

e PHENIX single
electron cross section

1o d is compared with the
] ISR data
o i~ o Charm cross section

derived from the
electron data is
compared with fixed
target charm data

doJdy (nbiN )

P>14 GeVic d Ucl dy
2 @ PHENIX

1 o # CCRS o i
i § Basile e Solid curves:
7 g, PYTHIA
R Gev . o Shaded band:
NLO pQCD
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S ENIX

e RHIC started the physics run in 2000, and opened a new era in
“high energy nucleus-nucleus collision

e From RUN-1 data, many interesting results are obtained
o Transverse energy =2 eg; = 4.6 GeV/fm (>> € ;)
o Charged multiplicity=> Increase of Nch/Npart
o Elliptic flow - Stronger than SPS. Early thermalization?
a Two pion HBT measurement > No duration time?

0 Hadron measurements
@®Tch~170 MeV ~ Terit  (@chemical freeze-out)
€T, ~ 120 MeV; B; ~ 0.7 (@thermal freeze-out)

0 High py spectra = Evidence for Jet quenching?

o Inclusive electron spectrum -» Charm production
@G, ~ 380 +-60+-200 pb at 130 GeV

65
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PH--ENIX Outlook

e RHIC RUN-2 has just been completed.
0 AutAu collision at full energy (s, 1*=200 GeV).
O p+p comparison run at 200 GeV

e PHENIX took data with an improved detector
a Two full cenral arms
0 South muon arm
a Much improved DAQ and trigger system
@ >100 times more statistics in Au+Au data (170 M events)

e Expected results from RUN-2 data sets
a Study of hadron production in much higher statistics
a High pt paritcle produciton in pt > 10 GeV/c
0 More precise open charm measurement by single electrons
a J/Psi=ete, J/Psi2ptp (deconfinement signal?)
Q ¢—>e*e, p>ete (chiral restoration?)
0 Thermal photons?
@ And much more!
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PH- ENIX The PHENIX Collaboration

e About 400 collaborators
from 50+ institutions in 11
nations

o 10 Institutions from Japan

PH ENIX o . ™" -,
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First Polarized Proton Collisions at RHIC
Yuji Goto

RIKEN BNL Research Center

RHIC started to be operated as the first polarized proton collider in the 20012002 run as well
as the relativistic heavy-ion collider. With the polarized proton collisions, we perform investigations
of polarized structures of the proton and interactions at high-Q? by utilizing symmetry.

In this run, we measured the single transverse-spin asymmetries,

A _._dO'L—dO'R
N= dor, +dog

of many channels in wide kinematical regions at /5 = 200 GeV. Luminosity L = 1.5x10%%cm™2sec™?

and polarization of 25% were achieved at maximum. As inclusive channels, we measured forward-
region Ay (large zp, pr ;, 1 GeV/c) of photons and 7% in the STAR experiment and that of
muons in the PHENIX experiment, mid-rapidity region Ay (zr = 0, pr | 8 GeV/¢) of jets, photons,
n%s, charged hadrons and electrons at STAR and PHENIX, and very forward-region Ay (large
zr, pr i 0.2 GeV/e) of photons, #° and neutrons at IP12. As elastic scatterings, we measured
the Coulomb-nuclear interference (CNI) region Ax and the slope of proton-proton collisions in the
PP2PP experiment, and those of proton-carbon scatterings at the RHIC polarimeter.
This lecture covers,

¢ Introduction to the RHIC spin programs

o Physics of Ay measurement

o Commissioning of the RHIC polarized proton acceleration in this run
o Performance of detectors

Slides for Ay physics to be performed in the next run, which was not covered in the talk, are
also included. We cannot show any physics results yet. Many Ay measurements will be shown
soon after finalizing analyses. Further and updated information can be obtained from following web
pages.

RHIC Spin Collaboration http://spin.riken.bnl.gov/zsc

RHIC http://www.bnl.gov/rhic
PHENIX experiment hitp://www.phenix.bnl.gov
STAR experiment http://www.star.bol.gov
PP2PP experiment http://www.rhic.bnl.gov/pp2pp
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http://spin.riken.bnl.gov/rsc
http://www.bnl.gov/rhic
http://www.star.bnl.gov
http://www.rhic.bnl.gov/pp2pp
http://phenix.bnl.gov
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Yuji Goto (RBRC) 3

RHIC Spin project

1990 Polarized Collider Workshop at Penn State Univ.
1991 RHIC Spin Collaboration formed
1993 both STAR and PHENIX consider spin physics as a major part of
program
1995 BNL-RIKEN Collaboration on RHIC spin physics started
— Muon Arm for PHENIX
~ Siberian Snake and Spin Rotators for PHENIX and STAR
1997 RIKEN BNL Research Center established
as well as
— DOE funds for STAR Barrel Calorimeter
NSF funds for STAR Endcap Calorimeter
KEK contribution for OPPIS
— DOE general supports for spin physics

Yuji Goto (RBRC) 4

175



RHIC polarized proton collider
[ 1 workingin 2001-2002

HIC pC Polarimeters
[R P l\

. BRAHMS & PP2PP e
ol e4——Abso_lut,e_quanmeter(ﬁ et).

L. =2%x10%s"'cm™
70% Polarizati on .
Js =50...500 GeV )

—_ . - |Siberian Snakes

2 % 10" Pol. Protons / Bunch
£ =20 7 mm mrad

"Spm Rotators ’

[Pol. Proton Source |

500 pA, 300 s
by Thomas Roser
Yuji Goto (RBRC) 5
Spin physics
. A, _do,, ~do..
"M do,, +do,.
— double longitudinal-spin asymmetry
— helicity distribution *
. AL 4 :dc+—do_
do +do.
— parity-violating asymmetry
— helicity distribution, BSM, ...
e A A, = 46 —doy,
oy +doy T left

— double transverse-spin asymmetry f{ N . 1\ I -

— transversity ‘ K &
c Ay 4 _do,-do, -

Y do,+do, ' right
— single transverse-spin asymmetry / left-right asymmetry
— higher-twist effect, &, effect, ...
Yuji Goto (RBRC) 6
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Proton Spin 172

¢ Proton spin 1/2 by polarized DIS experiments

— the quark helicity distribution contributes only 10-20% of the proton spin 1/2
lepton beam

l=1A2+Ag+L
2 2

nucleon target ¥ N
< quark \

~ contribution of the gluon helicity distribution — next-to-leading order
e (-evolution (global analysis by SMC group)

Ag =1.07%(stat) 03 (sys) o i(th) (Q° =1GeV?)

AS=0.1~0.2

¢ photon-gluon fusion process lepton beam
>or€

— HERMES, COMPASS

Sore ()¢
nuclcon target {7 i

Yuji Goto (RBRC)

Proton spin 1/2

s Protton Spi? 1./ 2 by polarized proton Q@&éﬁ;
TOTO11 COLIIS1ONS .

— contribution of the gluon helicity Ko
distribution — leading order

* prompt photon production — Sooré
Compt 7
gluon Compton proton beamj ? |
g9 —qY ’
* heavy flavor production — gluon proton beam é
fusion o I 7 o
gg —>cc,bb gluof TR ———
heavy flavor
luo ———
>or&

proton beam

Yuji Goto (RBRC)
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Proton spin 1/2

—1—=—I—AZ+Ag+L
2 2

e Polarized distribution functions

— quark polarization Agq(x)
— gluon polarization Ag(x)
e pol. DIS in the next-to-leading order
» pol. hadron collision in the leading order
~ flavor decomposition of the quark polarization
» semi-inclusive pol. DIS
s W* etc. in the pol. hadron collisions

* Other contributions
— orbital angular momentum
— transversity Oq(x)
— higher-twist effect
— kpeffect & time-reversal odd fragmentation function

Yuji Goto (RBRC) 9

Gluon polarization

uq
!

* Prompt photon production
— gluon Compton process dominant &7 — 47 q y
 clear interpretation

o Ag(x,) — gluon polarization measurement in the polarized proton
collision

— asymmetry measurement

4 2 4‘:‘A i '-us .:A
ATT :M Ap(x .02‘)_: g:;(wa ) =‘Z€ fj (1' Q )
- dd++ +d0'+_ L F;”("‘«,HQE) ZL"?'%(—%Q’)
I i=uw.,d.d.,55..
A‘T(x",Q:) A 2 &
A {pr)=—E =" 4" (x,.0") a, (cos8")
g(x,.07)

— experimentally challenging
= major background - 2y decay of nt°

Yuji Goto (RBRC) 10
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: g [ ' ]
. - 0.6 | — T 5 O A
Gluon polarization PHENIX [ > OS%SNLO®A)
05 | \\ 3
* Prompt photon production os | X\ ;
N . . L e TEIRLNY LN Vs=2000G4V
— STAR et o b Y
B e O = M (Vum200GWV) T'\ I E
0* = oy’ (Va=500GeV) i 4
0.3 . . . - . ; . 0.1 W /2=200CeV gluen compton N
Vs=200GeV "] s =500GeV 3 vamsoanalgluen compton 4
R=04. [n,l<035 Ri=04, In,l <035 0 b a—
10 v
L 02;GRSVMAXg” T 1 STAR (by Les Bland) ~——1—
[+) - — L d [}
b ’ = 1 GS- A
3 < asvsm | GRSVMAXg . % Lo ' -
01 GRSVSID . ] < 10! 1
T e .
S o)
[T 3 ) ..!.. ..*. P +....- p 1 i
nan T o g | [$risoocey ]
10 20 30 10 50 20 30 40 50 8 1 ] i
Py (GeVIc) Py (GEVIO) Q“d - Ps=200GeV
W. Vogelsang e/ af. ‘ 0.1 i | mp‘ut Ag()f) )
) o 001 0.1
Yuji Goto (RBRC) Reconstructed xgluon
Gluon polarization
* Jet production ' T !
0O8r Vs=500GeV 00 ]
— complementary to the prompt Iaj<t0

photon production
» mixture of gg/gg/qq scatterings
* very high statistics
— very sensitive to the gluon
polarization

A =AG/0

20 30 40 50

W. Vogelsang e7 al

Yuji Goto (RBRCY 12
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Gluon polarizatibn

» Neutral/charged pions PHENIX

=>» gluon polarization ? SABARERAREREARLUAAAERERELRR ]
measurement 0.04 [ GS95-NLO-A for Spb™, 50% polarization

—_—
— alternative to jet : . ;

0.035 . 3
— 7 3

measurement in the small 0.03 | ~ b e
acceptance 0.025 F 13

* gg+ ggq + gg mixture 0.02 £ —

— different asymmetry :
0.015 [

between neutral and charged 3
pions 001 £
=> input for the flavor 0.005 ¢
decomposition of the quark 0 b

e 5 6
polarization pr (GeV/c)
Asymmetry

!

Yuji Goto (RBRC) 13

PHENIX

=]

Gluon polarization

&
g

bt -
8

Sl L A A T LI BRI B

— u"l ;
320 p* P

s
3

 Single electron

— open heavy-flavor
production
« gluon fusion _
gg — cc,bb
« background from
conversion and 1’ Dalitz
decay reduced with MVD
— QCD-jet study &
background study
* selected with MVD

=> input for the gluon
. N : N LM N [ H -
polarization measurement R R~ e
by Wei Xie
Yuji Goto (RBRC) 14

g

After MVD cut

4 45
 deayonr (66V)

N
™
| |

V4
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2 PHENTX (by Hiroki Sato)
3 320pb" p+p,Vs=200GeV  p{un)>2GeVic
Gluon polarization N 5| Dimuons Mass(unlike sign pair) |
: g 10k Jhy £ Colar Singlet Model;
a a :
. 4
@ 10
« Muons 5
S C
7 S 10°%
 gluon fusion n ,
e SR /¥ => 5ALL~0'02 0 1 23 a s e 7 28
— single muon Mup (GeVic?)
Opr<3GeV/C 0'145"‘I"'I“‘l"'|“'I""l'.‘
’ A2 1 ——— RBEIC 200 GeV 320 pb-1
ok 7&1'11 e REIC 500 GeV 800 pb-1 3

* decay of /K dominant

S

o1 F Py=50%, One Arm Py=700%, Both Arms 1

=> input for the gluon polarization  a.0e |
measurement o-0e |

D.04 [

8.0z F

[ ]
-0.02 [ ’ 3
F ol lempasy andé A Leabladoe FRIMLOIET ST ]
-0.04 [ 3
i 3 2
-4 4 6 a 10

12 14
_ P (GeV)
Yuji Goto (RBRC) 15

Giuon polarization

* el coincidence
— open heavy flavor production cc,bb — etilX

| PHENIX {by Hiroki Sato)
320pb-1 vs=200GeV pre.pr>1GeVic

[ £,mu mass {unlilke sign pair} I I o,mu mass (like sign pair) ‘ 2

L1
R 1
L

&5, réfule

Yield per 1GeV/c2

]“‘\‘T’T ||1|11T\'1'I‘T.u«'|| 'rr"r—rl—
1

- 320 pb eli concidence
230k cc GS-A \,
s * * = st g ‘04.' 142;‘—.“' A B AT ] 1 [T
1 2 3 4 5 2 3 4 5 6 7 8- 34
e Meu(GeV/cZ) __Meu(Gevigy| ' ¥ 0 F 7 % %aalhacd
eu mvanant mass asymmetry
Yuji Goto (RBRC) 16
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Gluon polarization

* Gluon polarization at RHIC

— RHIC spin is the best measurement among currently running
experiments, even only with 1 exp. & 1 chan.

g [ " FIERNTER ]
g 3 B COMPASSH
o8} S 4 4 | 201
oe | %«} ¢ s o0 o ¢4 ijﬂcfsg‘;}i '

gluon

Yuji Goto (RBRC) 17

Gluon polarization

* Gluon polarization at RHIC
— prompt photon, photon+jet

— jet, jet+jet
— heavy flavor — electron, muion, e-U coincidence
12 X ‘
T TTTT] T ----ul'r._l""l"'l'l'l'l'l'l'
1 GS93 ,
= B xAG(x,4 GeVY), NLO =
= 0.8 (A
(D 0] fansn: (B L _“ -
. 0.6 (C) prompl paotor
0.4
0.2
0
02 | Jr—un
0.001 0.01 0.1 x 1
X
Yuji Goto (RBRC) ' i8
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Gluon polarization

* Gluon polarization at RHIC

— If we include PHENIX Prompt Photon Data in Global QCD
Analysis. ..

go.sj.f

0.6 [ :

| 04|
' 0.2 -
0 b
-0.2 - Piin
-3 -2 -1
10 10 10 1
x
M. Hirai, H.Kobayashi, M. Mivama e7 «/.
Yuji Goto (RBRC) 19
Fiavor decomposition
. OPHF,NTX by Naohito Saito
EN F RHIC pp Vs = 500 GeV
* W= production < Iz dr = 800 ps*?
— parity-violating asymmetry 4,
0.5
AW? _ Au('xa)d (xb) —M (A:;z )u(xb ) L= |
[ = — = I = e
w(x, )l G, )+d (x, () T | L
| IO 7 S
— PHENIX Muon Arms Y —
— STAR Endcap Calorimeter i ‘%%
provides similar sensitivity : / T
— A;~Auw/u(x)~0.7-0.9 at large-x o 5'_ Aii/a h ??//d ]
Q% Mg \
| e GS95LO(A) g
: BS(Ag=0) N
-1.0 s .
10° 10
X
Yuji Goto (RBRC) 20
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Flavor decomposition

« W*production
» no fragmentation ambiguity
o x-range limited

— complementary to HERMES

1.0 ey .
e RHIC pp Vs = 500 GeV
3 IL dt = 800 pt? ©
$ AL (W) }+"
05F ¢ AL (W™) :

semi-inclusive DIS - Adrd
« wide x-range = oL
« limited sensitivity to sea OF—7—=F"% 7|
flavors ey
: A/ N
B HERMES Semi Tnclusive \‘+A:7/d 1
—0.5 |3 (AL Dara by Aug, 2000) w4
% ag2 YRR
Q= My \
| - GS95LO(A) ¥, |
BS(Ag=0) \
-1.0 1
1072 107t
X
Yuji Goto (RBRC) 21
gg reaction ratio
.2 1 ARARRARELARERARS T
. s ® o8 | — ® u-quark dominant ]
Flavor decomposition os b " -
0.4 E— _::——-Lﬁ‘q -
o2 r E
« Neutral/charged pions 0 G a 1618 20
. . . pion p; (GeV/c)
— fragmentation function i
1 1 T T S G S
n(’ T[+ = l % T T ‘;q T T T | g ot L ]
Dls# Dy # Dy, Pesk T d&u
— asymmetry 04 =7 ;_'; I
TCO 7(".+ T o2 - ! ) ~|—_| ) |. t \u:;r L——--:
LL?,;ALL'?&ALL 0 G w0 12 14 16 1820
T pion p; {(Gev/<c)
— ¢f DIS semi-inclusive h*/hr 1
asurement 2 e . AR
meas - B oa b ¥ uydominant &4 3
- HERMES & SMC os b e e
experiments o4 b—i T BT 3
« flavor decomposition of the 02 i T ],.:,A, L"—é
quark polarization TR TUT T IO ION b0 ST
G 2 4 6 8 10 12 14 16 18 20

0 pion py (GeV/¢)
T

Yuji Goto (RBRC) 22



Flavor decomposition

» Neutral/charged pions
— flavor & quark/gluon decomposition = Au, Ad,, Ag.. Ag

jdx jdx AL EDAR(AAS (f, [y = [:X)IDE(2)
A/r N = SSiy —
pr)= ZJ-dx,jd*c,/,(xl)/,(A, M(fify = XDz f=uil,d.d.sF

Reeets

puflty functions Z SO L()ANS U [y = S XD (2) uncertainties:
(x X, Py) fragmentation functions,
T fdx‘fd,\s/l(\ VGBS (S5 = SIXODI(D)| PDFs. scale

R , s e
. X Af(x) Afx.) kinematic acceptance

AI ) 4 Pl Pt/ b X i A\ .
(pr)= ;{;J”u[ Xeb g 52 Pr) = 0 55 filx) need to be considered

— HERMES

4(p)4" (). 4 (p)
A (He), A" CHe), Al (He)

wad |Au,,Ad,,Ag,

Yuji Goto (RBRC) 23

Single transverse-spin asymmetry

* Kinematic regions
— forward
s A, of photons and % (p, 1-2GeV/c, x> 0.2)
e A, of muons
— mid-rapidity
* A, of jets, photons, %, charged hadrons, and electrons (p, < 8GeV/c)
— very forward
* A, of photons, % and neutrons (p,< 0.5GeV/c, x> 0.2)
— elastic scatting
* proton-proton CNI A, and slope
» proton-carbon CNI Ay, and slope vs. ¢ (~ = 0.005 — 0.04)

Yuji Goto (RBRC) 24
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Single transverse-spin asymmetry

Forward region

Fermilab-E704

s =20 GeV 60

AN' %

unexpected large asymmetry at a4 —n'x f
large-x,- v pp—TX

* 02<p,<2.0GeVic

calculations
* high-twist effect
 time-reversal odd fragmentation

function 20 :_ e i

experimental evolution 40} - - 1

0.2 0.4

* energy dependence
* other kinematical region

Yuji Goto (RBRC)
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many theoretical model 20 -

I} L l ] 1 i
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1
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0.6

Single transverse-spin asymmetry

» Forward region

— Qiu & Sterman’s model
— PRD359 (99) 014004
— twist-3 effect

02

™
3
: VAR
£ T ol =
3 FOE I -
£ A el I
0.2 i D %
E .l *’f 2 AN
AT E— g e _-‘: A " )
Eoar o 3 T~
0.0 bemmNTE T T - L —
3 e lm T - - R
3 E % i ]
£ -} = ]
025 eNALE7O4 - 1 o 3
Eis=20GeV T, 3 -1 Y5 = 200 GeV E
. P wat . ? % = 80 MceV
~0. :’5— P } "3 xF=0.4
Y T PP YT YR TRV TINE YOV T YT TR T T 02 1. RTINS R
0

62 04 06 08 10

o

o
Yuji Goto (RBRC)
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Single transverse-spin asymmetry

* Mid-rapidity region

— Fermilab-E704
— PRD53 (96) 4747
— Vs =20 GeV

— small (consistent with zero) asymmetry at x,~ 0
— 1o large asymmetry like lower energy data

— perturbative QCD expectation at high energy

— small higher-twist contribution

=> but, small statistics, espec1a11y at high-p ..

.(> 10% error)

- 50 == 100 g
® oy £ i R 50 £
350 = ppoa’X - ; :‘60;— X
2 g ; 4“0 = -
1o - _ : 26 E -
0 fa-w-0-B-5 g -8-g- - + ------------ [ —u—--a--1-—l—-—i—-i-——;—-#«—-*—--———-—*‘———--—-—
40 B ; 0 5 - oo -
20 ¢ - : 40 & + +
-30 S $O = i _
-0 = i 80 & bt
.50 - i ! 1 ! X g0 Bl LIPS B NI SIS I .
2 15 2 25 3 EX; s ro125 1S 175 2 225 25 275 3 325 35
p,(GeV/c) pAGeVie)
Yuji Goto (RBRC) 27

Single transverse-spin asymmetry

* Mid-rapidity region
— PHENIX central arm
* x;~0
* neutral pion calculation

with Qiu & Sterman’s
model

» charged hadrons
— PHENIX muon arm
* x>0

* decay of /K

PHENIX Run 2 Statistical Projectiori .
\§ = 200 GeV
I P2 L dt=447+3220b 1

< Qiu-Sterman Madel

-

E704 Statlstlcal Precision

x|||x|||| [ ‘)'_
T 2z a % 5

lll 'l]ll'

p, (éth:

0

Yuji Goto (RBRC) 28
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Double transverse-spin asymmertry

. PHENIX muon 200GeV
e Transversity measurement 5
— Drell-Yan production of
lepton pairs —_— 4 .
» clean, but low statistics ® o R P i
(QED process) = ’_,_.-"'
» precision will be improved 2 o -
by luminosity upgrade ;:E - ¥ 1
1 | — NLO ;
ST e LO
0 -
4 6 8101214161820
M [GeV]
PRDG0 (99) 117502
Yuji Goto (RBRC) 29
Polarized H source
« KEK OPPIS

- 4

— upgraded at TRIUMF g
— 75 - 80 % Polarization
= more than 70% this year ==

— 15x10'! protons/pulse at -
source
=> severalx10!! this year

— 6x10!! protons/pulse at
end of LINAC

S

Yuji Goto (RBRC) 30
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A GS' ‘T’ 243:, 121\', v, 248V, 4B, 364,

100 e "I"&"l"t"l"“ll""il“" F 100
®  With s dipole (1957) :
9 —— Simalation wih s, 9%, azi0n | 0
N ‘With rf dipole (2000) x
* Partial Siberian snake RS
— full spin flip at all imperfection — - 70
resonances & SR i
. —— I- 60
- Rfdipole g7 |
— full spin flip at strong intrinsic E 507 M I: 50
resonances T ] P
. . . (2] I - o
=>» 25-30% polarization this year € ~ | *
. s L
— slow ramp rate with backup 2 - 30
motor generator o] ”
=>» 70% polarization in the future j :
— 30% snake necessary 10 - 10
o 0
5 10 15 20 25 0 35 40 45 50
G Y[REIC Transfer Energy Range
Yuji Goto (RBRC) 31

. Vs=200GeV
* 4x10'2 polarized protons
in 55 bunches 1n each ring
 with alternating
polarization in each bunch
— blue  ring: O+—+—++—...
— yellow ring: O++—+H—__.
=> 25% polarization
=» transverse-spin run only
in this year

Yuji Goto (RBRC) 32
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RHIC p M;gm&é’ mieter
* Proton-carbon CNI polarimeter

= raw asymmetry ~2x10? with 10% statistical error in 1 min.
- —1=0.005-0.04

. proof of feasibility
W at AGS-E950
with a 22GeVicpol. p i}cam

ES50 Prelinainary

ArA(T0)

<
Scattered Carbon 7

N
o : P gy Dty i) "_"‘T’:'T Y"':\TW"S"*:"!'Y?‘ "

0.1-1.0 MeV ‘3.;

Detected by Si Def:ector = \ - -
ot ST
0.02 0.04
Yuji Goto (RBRC) : 35

Two Polarimeters in RHIC
X0 = #2 - #5
X435 = (F1+43) ~ (#d+6)
Y45 = (F1+84) — (#3+56) Do Fapeyet

Yuit Goto iRBRCY 36
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Physios Asym{x10”}

Physion Asgm {10}

RHIC polarimeter

X Physics Asymuetry (1/13/02) .
g SR L X {normalized by luminosity ratio)
s I T R R e L L e e e - )
‘ ' Juw B t ———
. b =t B T e SRR e e T
-3 -~ — 3000 3 s
. E Z 101 - :
: - e S |
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T o : ...)“_'._' 1000
6 18 W m M
Hour k]
xiz®
k) 1 ] . i i 1 3 i 1 }
R -~ 5008
& 3 4000 £.895
2 23000
2 2000 r
Dee
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s
.............. ' : s N 3 IS s
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9 z
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polarized proton
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wd polarization

Z
&
PHENIX Run2 pp Recorded Luminosity PHEN)X Run2 Figure of Merit for A
. N 0 . :
o8 ' I 3o, 45’: ]
2 r ji—dt-—r&ﬁspb - JP Ldt=447nb
50.14 - = 04 -
% [ ] A
2 _ .. r |
E 012 : 5 035 .
3 g 0al jP Ldt=322nb 7
€ o1~ 2 Yer
g f = ®
=2 A 425 -
goos-
C 02
0.06
0.15
0.04
0.1
0.02F 05
¢ — o
0801 01 1 0801 15601
| date | - sk - mtdate )
o “ < Sonid O A F o A 0/
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PHENIX

Yuii Gow (RBRO) 40
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PHENIX

o s,=200GeV heavy-ion collision

LN
[}

Yuji Goto (RBRO)
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* Full Central Arms
* South Muon Arm

* New items for pp run
- NTC
* additional beam counters
- TO/PCR
* TOF start counter
EMCal/RICH trigger
— MulD trigger
~ GLIP scaler
C. crossing—by?crossing
4x120 scalers

~ DAQ 1kHz & 70MB/sec

]

West Beam View East
N -

WAkn ot

{.ﬁf
408

Yuji Goto (RBR(';

EMCat

Lientey! Mmgmas

South

Side View

0.4GeV
and 0.8GeV

" laxdal 2.1Gev

| SSO——

4x4b

2.7GeV

Yuji Gato (RBRC

195



Minimum-bias
=BBC.or.NTC

— comparison with
heavy-ion data

— 190M events

EMCal trigger
900MeV threshold

— 7® and charged

i : B S
. ¥ V3 % £ %
! Srmind Sculec i

= -
12001 BBCLLImm T JHICW : p-

=1 i ERT Gororna’ / p

- ear 3
1O e BRI 22 - "

2§ o MDD / px
00 F- zc -

- — » / 3
o : 7 =
“"f = gy g

i .

8a

i
220%

hadron

%%

LA

— S50M events

3 3
trigger oot ‘wiw,.w4»»f“w i
— single muon m::' o

30M events.

i

DIFERTY

« EMCal ©°

o BMCalmigger
o mintmurebias
— enhancement of high-p, &
by the EMCal trigger

Vuji Goto (RBRC)
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* Charged hadrons

P g
_ﬁt@mgzzgﬁ%gon of mininmm-Slae and Charged Hadvon trigeer 5 AGeY
S ‘

Run Number : 40216 % :
g4 R ;
“19"“‘1 T g ! p ;
% E o 3 g/ ;
E: . - Ch{Had Trig(900MoY) £2 ;
£ - L - g . :
- S =S RS, S . S » :
e Eaat A E §9- :
.“: ."i-_— I e} '2; ;
"k = _ :
: T 3 ‘- K P ;
P 3 T
i P ey - '
1" i ol i i j 43{ L . i, .|
! 2 s 4P, & ¢ 5 16 15 20 25 30 33 40 45
Time of Flight {TOF-TZR) fns]
Time-of-Flight with <100 ps resolution
Separate p/K up to ~2.4 GeV/ie

. Yuji Golo (RBRC} 47
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STAR Detector
Silicon Vertex

Coils Magnet /,f"Tracker

o B-M
~~" Calorimeter
T Projecti
= Chainber

. O
T o

-‘fl tronics
) TOIE:
P?;tfoms

7. rorward Time Projection Chamber

Yuii Goto {RBRCY 48
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STAR

§ - . -
o 53 =200GeV heavy-ion collision

* Yuji Goto (RBRC)

STAR

New items for pp run

— BBC

« beam-collision counter
+ 36 small hex = 16 PMT

-5

for trigger 3.3<n<3
» 12 large hex = 8PMT
2.1<n<3.3
- FPD
« forward ¥ calorimeter
— EMC high tower energy
trigger

Yyt Gatoe (RBRC)
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* FPD (Forward Pizero Detector)
Xz~0.110 0.6 or-0.1t0 -0.6
- pr~1tod GeV

— E~10t0 60 GeV 77 reconstruction
¥ *3333122 - up o 60 Gev

Online Results

!sorfh cakximeter (220 Gey), RHKC il number 2201
RA EAAR MAREE R

-

o -

g
o
B

g bt
150 _ ﬁ? fH o Roetlcer
: } -~ B/, + B} < OS

100

g 03 02 03 -C4 085 05 0F
Cluster pdir invarfont mass {GeV/c™)

Yuji Goto (RBRC) 51

PPZPF
* 2 Roman pot stations (4 pots) with silicon tracking

* Beam-beam inelestic counters
* proton-proton CNI A, and slope

Opeband
Floctgeamns

Ronzan Pt Ihatectors
aSHcon.

o Resb et
a;}d 140

Yuji Goto (RBRO) 52
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Locai polarimeter at iP’s

« Confirm spin dynamics in
RHIC ring , —

~ especia%ly for the operation A : Operation Point
with spin rotators ) ,

« spin dynamics between

spin rotators 13 completely Y
transparent to the rest of :
accelerator by design : : .
Spin Rotator Current
Yuji Goto (RBRC} 53

Local polarimeter at 188
» TestatiP12
~ 5x12 array of PbWO, calorimeter
e No prediction
— Qiu & Sterman’s model not applicable
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Y
charge-velo neulron-veto |

| scintilator scintiflators
£

g

PbWQO; PbWQO,
pn-\howcr calorimeter

E 0m DN magnet g Ring

DO mugnet
Yuji Goto (RBRC : 55

* 2-photon mass reconstruction
exp. data

* Ay of photons, 7% and neutrons (p,< 0.5GeV/e, x> 0.2)
Wﬂl be obtained ..

Yuji Goto (RBRO) 36
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Summary

¢ RHIC started to be operated as the first polarized proton
collider as well as the heavy-ion collider !!
— commissioning very successful
« pol-H~ source, AGS, RHIC, polarimeter, ... ,
¢ Transverse-spin proton collision data were accumulated in
this year - |
— luminosity: L~1.5x10%cm?sec?
— polarization: <P>~15% -
« Many 4, measurements at Vs=200GeV will be obtained
soon
- forward / mid-rapidity / very forward / CNI
»  photon, 7Y, jet, charged hadrons; clectron; muon. neutron. ...

tn
d

Yuji Goto (RBRC)
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‘The Gluon Polarization Measurement by COMPASS and
the Experimental Test of GDH Sum Rule
— The Story of Spin Structure of the Nucleon from High Energy to Low Energy —

Naoaki Horikawa
Center for Integrated Research in Science and Engineering, Nagoya University
RIKEN Winter School, RIKEN / JAPAN, March 29-31,2002

Abstract

The lecture includes two different subjects which concern the study of the spin structure of
the nucleon, that is, the experimental studies of the gluon spin contribution to the nucleon
spin by COMPASS in the high energy region and that of the GDH sum rule in low energy
region.

At the beginning of the lecture ,the definition and the meaning of the spin dependent
structure function Gi(x) is introduced, which makes an important role in the investigation of
the quark spin contribution and the understanding of the GDH sum rule. The former half
of the lecture is devoted to the introduction of the COMPASS, that is , two physics
objectives (muon program and hadron one), the experimental method to use the open charm
process for the gluon polarization measurement, the estimation of the event rates and the
requirements to the equipments.

The COMPASS has provided quite new experimental equipments including beam channel
for the increase of the luminosity and the detection efficiency. Special explanations are
given to the RICH detector and the polarized target system which characterize the
measurement of the gluon spin polarization. RICH is necessary for the particle identification
to the produced charged particles by which the open charm process has to be determined.
The polarized target system consists of superconducting solenoid and dipole magnets with a
specially wide aperture is now under construction.

The COMPAS has finished the installation of the 1t phase detection system in 2001 and
performed the real measurement using the polarized muon beam (160GeV, 2.2x10%ppp) and
the polarized target (SMC-magnet, SLiD material). It was reported that 1.6x10° events
were recorded and the data analysis is now going on.

In the latter half of the lecture , the physical meaning of the GDH sum rule, its derivation,
the experimental results which have been already performed and the new experimental
plans are introduced. Special attention has been given to the GDH integral measured by
Mainx and Bonn for the energy regions 200-800 MeV and 800-1350 MeV, respectively.
Although the obtained value by Bonn is still preliminary, the running GDH sum up to
1350MeV from 200MeV gives a larger value than the prediction.

It tells us the importance to know the contribution to the GDH sum from the higher
energy region than Bonn energy. Finally, the experimental plan at SPring-8 up to 2900Mev
in connection with above requirement has been explained.
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COMP.ASS Experiment (Microsco’pic View of Matter)

and
Experimental Test of GDH Sum Rule Sreoon  QuarkModal Quark Parton Model
Proton & Neutron Quark
(RIKEN School on "Quark-Gluon Structure of the Nucleon and QCD") " o

. ® .
b °

March 30, 2002 Atom

Naoaki Horikawa

CIRSE, Nagoya University | . Detailed structure of Nucleon

CSelf rotation(Spin) of Particle and.Magnetic-MomenD

2 CONTENTS

. Definition of DIS(Deep llne(astic Scattering)

b

2. Spin Dependent Structure Functions

3. Measurement of the Quark Spin Contribution to '
Nucleon Spin Rotation of current produces : 3 quarks form nucleon spin in

magnetic moment quark modet
4. Measurement of Gluon Spin Contribution by '
COMPASS Gossible Carrier of Nucleon SpiD
5. What is the GDH(Gerasimov-Drell-Hearn) Sum Nucleon ~ Angular
Rule? spin Quark spin Gluon spin momentum
1

1
— = 4 4+ lg + L
6. Experiments to test the GDH Sum Rule : 2 5 (A X) AG 4 9

(AT =0.2-03) ? ? -




Kinematics and Spin Dependent
Structure Function g

Scaitered
Lepton
/"/' ©
e
o
Energy ; E Polarized Virtual Photon ; q
' g2 = - Q2

/ Polarized ‘
° Nucleon

Scattered  Momentun :x P

Quark 0= x <1 Momentum : P
Q2 :
_ T oM
S NT-NT
> A s T e
o Tmes N + N7
A = O:—-- U:: ~ _Pmeas
- o +to Py e Pref
=D(A1+tnA2)—~ DA : nA2 — neglect
A1 =(g1-v2Q2) M . ¥2g2 — neglect
F1(x)
ARl P Ay _ ot
. .
M= S g4P(x) dx : 1s¢ moment
0

Rel.s : Spin in Particle Physics( by E. Leader), Cambridge
The Structure of the Proton{by R.G.Roberts),Cambridge
.. Ph.D. Thesis(Y. Miyachi), Nagoya Univ.
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a(z,Q%. = % [Cg(m,a,,(t))@.AE(z,Q?) +2n,C%(z, 05 () ® Ag(a, Qz)]

) . .
T e SO a0 @ R (5, Q%) e (2.39)

rptal

afbd quatk chaigé; s g ‘is thié mimber” of quark flavors, 't =
-QCT '§sl

By rilios ,le parameter, "A% an '_Aqus are the singlét a.nd
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R A O 5 TR 'l’(w ST PN

0% {, a‘;’!(t)) ® Aaws (s, 27,

( Pdf’(z Gal] 2P0, 0 (0)
FE(s, Q’a(t)) 5"(mf QS(t))

’\::

(2 41)
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where P‘J are the polanzed splitting functu)ns The full set of coefficient funcl;lons {11, 26] and
- -ssplitting functions [31;32)has:been:computed upito next-tot leadmg order in. g
unbf __perator Product’ EXpansnons (OPE)sand he'renormhhzatlo
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AT [ S

)L.MIQZ)‘”

2.44)

iii LG
stribution funchions
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The COMPASS Experiment

Univ. Bielefeld, Univ. Bochum, ISKP Bonn, Phys. Inst. Bonn, Burdwan Univ., JINR Dubna,
Univ. Erlangen, Univ. Freiburg, CERN, MPT Heidelberg, Univ. Heidelberg, Helsinki Univ.,
Univ. Mainz,Univ. Mons, INR Moscow, Lebedev Inst. Moscow, Univ. Moscow,

" TU-Miinchen, Univ. Miinchen, Nagoya Univ., Univ. Osaka, THEP Protvino, Saclay,
Tel Aviv Univ., INFN-Univ. Torino, INFN-Univ. Trieste, Warsaw Univ + Technical Uniy

/ Physics: Study of Hadron Structure and strong interaction \

- muon beam (100 & 200 GeV/c)
» Spin structure of the nucleon
* measurement of gluon-polarisation (AG/G) using
* open charm
* high py hadrons
. vec’ror' meson produc‘hon (QCD factorization tests/ OFPD)

« hadron beam (140-280 6eV/c) (K, p)

. * 'glue-balls’ and hybrid-mesons

k -+ diffractive/central production of gluonic excitations of hadrons /
‘ « xPT - tests using Primakoff reaction (scattering off virtual photons)

+ D-meson physics with leptonic final states  7¢7

Direct measurement of AG !



((DIS in SMC and COMPASS )

f

@quark interaction(SMC)

scaltered lepton
@ Detected
pol. lepton =

=P
Energy ; E

pol, virtual photon ; - g

_quark momentum : x P
0SS xSt

scattered quar

b ;
o=
% (y-gluon fusion interaction (COMPASS) ) =

Detected
racoll muon

virtual photon I
C-quark /.
g2 K

quark

spin pol. muon

-®

gluon y

Samamas o

pol. nocleon - C- quark

pol. nucleon () 4 >
. .
momentum : P \ee . \ Not detected -
. @ o

Detected

N

Physics Goal of COMPASS

A : Spin Structure of Nucleon
B : Spectroscopy of Hadron

A - Program(muon program)

1. Gluon Spin Polarization in Nucleon through
open charm production by polarized muon and nucleon
separate detection of mand K

2. Valence quark and Sea quark Contribution
Semi-inclusive processes

3. Transverse Spin Distribution Function
Structure function h4(x) and Jaffe-Ji sum rule

4. s-quark and Giluon Polarization
produced A Polarization



Photon Gluon Fusion

u 1
Ki q_emq:\m'oss —(q P lé;’ 1vle.m otical
"
adronizatign
mesons, Ac ¢
K
oDo 50 ’DO > F,K
N

Formetion
Probabh (I‘l’,

* Hard process : scale s=Z4me2 ~ 10GeV?

* Proportinal to Gluon Distribution
* y-g Subprocess is known : Unpolarized NLO

Polarized LO (NLO at Large Q2)

60T

Open Charm Production
* Large Cross Section : 4% of oy at 60 GeV

* No(lLarge) Diffractive Contribution
x No Constituent Charm

* Small Contribution from resolved Photons(Ea few %)

Measurement of Asymmetry

Neotd - Neot t

meas.

= ::P 2 fA NCEE.
Nectt + Nt t b T T AEEEN

Anctey) = D Apneliey) , D ; Depolarization {actor

AY*NCC(E:,V‘) = (Ao—y*N —"CCX) / (OY*N —>CCX)

I ds Aa(s)AG(n.s)

X = <gy > <AG/G>
J ds o(s) G(n,s) .

1} = $/2MEy ; Gluon momentum fraction
S = (g + k)2 invariant mass of photon-gluon system

Charm Production Cross Section v.s. Photon Energy(v)

0%

anb)
Ac{nb)
3

xaasluanylasatlsasal Lisoateaeslocraloselyngs STTY (FF SUFTSTUIYTTI FYUTL FYRTS FRTUL FURTA ATTY ITTYS
9 25 50 75 100 425 160 475 300 225 2% 0 2 5 75 100 126 160 176 200 225 280
E(=
E(=v) {=v)
Y

Charm production cross sections as a function of the photon energy E, = v.

a) unpolarised cross section o™ ““:E?‘ , b) polerised cross section AgTN—X,



Photon Gluon Cross Section(LO) Hadronization of c&

At CM . Luminosity : 4.3 x 10¥ cm™® déy"
B c s=(q+k)2

Charm Events :82,000/day ( 1.9nb) for 35< 114 < 85 GeV
B+ B=[1-4(me2/s)]12

DIS Events : 20,000,000/day (463nb).

a M’// kg | ) _. ;
% | " D°:60% Dominates(1/3 from D** — D)
D" : 20%
Ds : 10%
. - Ac . 10%
Cross Section : yg—>c¢ ’ |
oCC(s) = o(s) + AyAgAo(s) Concentrate on Do, Do

01¢

SR/

(12)ct + o) +1 (1/2)(c*-0")
by A:D. Watson (Z. Phys. Ci2 (1232)123)

Ac(s) = (4/9)(2raas/s)[3p - In(1-+p)/(1-p)]

Probabilily / event
s d e

o(s) F (4/9)(2naas/s)[-B(2-p)2 + (1/2)(3-pA)In{(1+ B)/(1-p)}]

® Calculation is done under the conditions

* (Quasi) real photon
* Leading Order
* Integrated over 6*

* B ; charm quark velocity



Acceptance cuts

CM: isotropic

]

Monte Carlo Simulation

* [cosOk*| = 0.5
o * z>0.25
=~ % Mass window : & 20MeV, om = 10 MeV
* 35 <+v <85GeV

Do Decays Combinatorial BG

K Acceptance cuts

Heconstruction of ©

* Cleanest Decay Channel

DO(GE) - K-t

)“(CU) K1 7 } BH: 0.04

35< v <85, | cosOk* | <0.5
z> 0.25 (z=2Evfv | energy fraction carried by DO from photorn)

& Detection probability of DO from charmed events

gPe. Background

ND: D-meson events

N c& events

a : Delector acceptance

= (NYN®) - BR « a

EBC : Depends on p scatlering events, width of D-meson cut

a=03

NONS =12 % £° =0014
=401 £ 014% J



Events Estimation

* Parameters of the Experiment
Muon Beam : 100 GeV, Py = 80%, 2x108/spill (5 x"SMC")

Target : 2x60cm (twin cell), Scm¢
Material : NHz: Pr=85%, {=0.176
T 8LID : Pr= 50%, =0.5 ;

Acceptance : +180mrad, Ap/p = 1~2%
Particle ID : 3o K, m Separation, p>3GeV/c

Nominal Luminosity : 5 x 10382 cm-2s-1

E Assuming overall Efficiency : 0.25

* Event Rates/day ; N°°= 94,700

N =N« g« g = 877 events/day (& =0.76)

target

N*=Nwe g« gff «rs = 3269 events/day for NH3
= 3450 events/day forLiD

2.5years : 1year (150 days) NHs
1.5 years 6LiD
‘66K " Reconstructed D0 — Kgx
250K Background

" SANCC = 0.076 & S(AG/G) = 0.21 )

Scatter Plot of produced K and s
Energy v.s. Angle

b)

180mrad

{30 mrld

60

60 40
« (GeVic) P, (GeVic)



Projected Error to Asymmetry | | ) o
: T e ) O .
for Open Charm Production F urther DY Purification

D* Tagging : D** — DO+ gt
30% of DO's

Error corresponds to 6AYNCC = 0.051 . AM = M(rt ), K*) - mit K") = 145Mev
‘ Detect soft pion{rn*e) > 1GeV/ic '

i N
¢ . i

0.8 Y . .
. a | O . b) Cut: AM : & 5 MeV
504 |- B0t F o :
Los Lul A Essentially Background free
: g / Release z and cosOk* cuts
d » 0 C 1 ,
N ) T
02 o: e o; — 0'5 e :
o : | : | SANC = 0.051 & 3(AG/G) = 0.14
® 4
Figure 3.6: a) Asymmetry A;EN u.zd'b) asymmetry AfN for open charm'z;s a function of y. The curves :
_ P+ Cut

event foss' 2o

50/

refer like in Fig. 3.1 to the three sets of AG from Ref. [4]. The projected precision of the measurement
“in the sange 0.35 <y < 0.85 is indicated by the &rsor baxs of the data points shown at 4 = 0.

P1(D9):< 1.0 GeV/c — Increases Analyzing Power

Curves correspond to prediction by T.Gehrmann and W.J.Stirling
[S(AG/G) = 0.1 1]

Z. Phys. C65(1994)461

Other Channels ére investigated
DO — K w+n0 13.8%
- DO — K'twta- 8.1%
D+~ Kavtot 9.1%



New Channel for Gluon Polarization

High P. Kaons and Hadrons | ~ Results of Preliminary Study
LY |
h q v * Estimates using GS96, GRV94LO

Ly
+ > é " \>\ for  Ew:200GeV, 0.5 <y <09

PGF . Compton LO SAuLKK ~ 0.02 -
i _ statistical error only !

OALhh ~ 0.005

%,

Subprocess Compton Contribution

. . 0 + Ou
Simulation by "JETSET + LEPT: A1= AL = <au> <Ag/g> <GPGF/oot>

14 ¥4

* 2 High Pt Hadrons -1 0.36 0.3

* Opposite Charge

* Flavour Tagging ; ss — K*K- . + <arLcomp> < Ay/u> < geomp/gtot>

0.5 0.25 0.65
S:B - LO Compton PGF TOT | (x=0.1, Q2= 10GeV2)
al - 1:5 0.60 0.22 0.18 1 .
: Rough Estimate

K+K- 1:25 0.42 0.29 0.29 .0.025
(P7>0.5 GeV)

8(AG/G)x ~ 0.05

K+K- 2:1 0.05 0.30 0.65 1.5 x104 _ 6(AG/G)hh ~ 0.10
{Pr>0.8 GeV, mx*k- >3 GeV, z > 0.1) _ - .

statistical error only !

h*h- 1:1 005 049 0.46 2x103

ISi |
(Pt>0.8 GeV, mx*k-> 3 GeV, z> 0.1) LOOkS promISlng :

Further Monte Carlo studies needed!



“Time schedule and Participants

1. Time schedule of COMPASS

1986 . 97 98 99 2000 . Of 02 03 04. L 05 06 Qa7

e g

NA47(SMC)

COMPASS
(North Area)
&> OMEGA ‘
w ]
fp e
Heavy lon

2. Collaboration

Countries : 11

Belgium, Finland, France,' Germany, India, Israel,
ltaly, Japan, Poland, Russia, Switzerland,

Institutes @ 26

Paclicipants : 168(Jan. 1998)

" Requirements for COMPASS
Experiment

1. New Spectromet_er :

4

Wide Aperture : 2 sets of spectrometér .
Essentially new 2-stage spectrometert!

Particle ID : 2 RICHs
2 Ele-Mag Calorimeters

2. Larger Target Solenoid (180mrad opening angle)

3. Polarized Target Materials

Ammonia for proton
5LiD for Deuteron

_4. Posible highest beém flux;

1 ~flux (5 times higher than SMC: 2x10%00p)



Sci-fi tracker
‘magnet
polarized target
chamber

RICH
calorimeter
muon detector

uStations

p Wall2

B Walll

<N
1tm

COMPASS Spectrometer

RICH 1 in the COMPASS Experiment Hall

RICH1

Size; H53mxW6.6mxD33m
7, K Separation; up to ~ 60 GeV
Gas Radiator; C4F10

2 Mirrors; total surface > 20 m?,
focalize the Cherenkov photons onto

“‘:?ﬁe,\ ol P
~ 2 sets of photon detector.

RICH 1 backwall mounting, May 10, 2000
. _ Photon detectors; MWPCs equipped
RICH 1 project - with CsI photocathodes.
University of Bielefeld, INFN Trieste, University of Trieste,
ICTP Trieste, INFN Torino, University of Torino, Charles
University Prague, JINR Dubna
216



COMPASS PT System

COMPASS Polarized Target

R He Precauler Superconductive Coils
- Dilution Refrigerator : Lig. 4
Microwave Cavity . - Vacuum Vessel’

@ Target Material

- * He Scparutog

.. *1l Evaporator Compensation Coif

Trim Coils

+ v 3 He Condensor

Selt ‘
180 mrad

a

3 v Mixing Chamber :
im . Sulenoid Coil :

e P

ilution Refrigerator and Microwave Cavity Superconducting Magnet in Test

Experimental Hall and Pre

2000.4.13

eparation

2000.7.15



24.8ep.2001

- Target materials

On-monitor, Polarization (%) vs time (h)
NMR_1, ..., NMR_3: Polarization measurement in upstream cell
NMR_S, ..., NMR_9: Polarization measurement in downstream cell

Preliminary values

Pupstream = ~ -43%, Pdownstream = + 48 %

(more optimization and precise calibrationfanalysis will come.)



Conceptions of SciFi
Clear Fiber Light Guides: 50 cm long

Active Area

s =

e e e M

Py m =T e
Glued with Optical Epoxy

16 ch Multi-Anode PMT
H6568 (Hamamatsu)

Scifi column #

Structure of active area
7-layers of 0.5 mm diameter
scintillating fibers

AT,
30

iR



COMPASS 2001 Run

- Overview - 1 -

= Beam time: 12 July - 23 October 2001
.- About 360 shifts (starting from 15 August)

=z Setup Period (12/Jul - 06/0ct)
- 12/July - 04/Sep: Major installation work
- Beam - only during night and weekend
- SciFi-J/6 and MWPC fully commissioned
- DAQ test, first aligpmenf etc...
- 05/Sep - 02/Oct: Detector commissioning
+ Default Beam ON
- - Spectrometer growing up..
- PT (LiD) operation started!l

COMPASS 2001 Run

- Overview - 2 -

& Physics Data Taking (07 - 23/0ct)

- Q7-13/0ct: Lower trigger rate (< 7,000 events/spill)

- 14-23/0ct; Nominal trigger rate (18,000 events/spill)
& Collected Data: |

- During the “setup period” - 14 TB
- During the “physics data taking” - 14 TB
- Total 1.6 x 1079 events
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GDH Sum Rule and:
Spin Structure Function ‘g,

COMPASS 2001 Run

- QOverview - 3 -

s Beam Parameters: |
- Momentum: 160 GeV/c: Spot size: 9 x 7 mm~2 (sigma)
- Intensity: 2.2 x 10"8 particles/spill (after 12/Sep)

- Spill duration: 5.2 sec (in 16.8 sec cycle)

@ Trigger
- 3 frigger systems: |
 Inner (IT) < Meddle (MT) < Ladder (LT)
S}nqll Q"2 <<ccccecccccccce Large Q2

- Veto (V)
- Calorimeter (C) _
- ITCV + MTV + LTCV ->> 18,000 triggers

[O]
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Drell-Hearn, Gerasimov(DHG) sum rule

(&) ous (‘) - Hosoya & Yarmomsto

’ 0.12 I ‘,~‘
@)HCT \)ALUE—’OHZ ) 1
010} |
008} I
006 BJORKEN SUM RULE
! Proton - Neutron -
004 o /
002 | /
' PROTON
o
.5 0 1520 . 25
5 /1/ Q2(Gev?)
E{ NEUTRON
! >STRONCT @> DEPEN DEN

:;"‘?
: AT LOW G EXPECTED

‘ PROTON
~0.0 <" gpg’GVALUE

NEUTRON

— 1. O V" T e
DHE vALVE

1, O3/ — 0 Inta : N e
/0 dv 3/2 1/2 = }{,2 K %?@ﬁﬁﬁﬁﬁﬁﬁ&
v - m? o

\ . . A
O1/2—03/2. = ;f_%%‘[val(% QZ)—Q2G2(V, Q)]

1(Q%) = m° [ 1pm ¥ Gl @) _ fod sg1(z, Q%) -

14
O1/2 — 03/2 KJZ
1(0) = 2@/0 _/__‘—3/—":"?
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‘GDH sum rule and nucleon spin structure

Nucleon spin structure function gl has been measured
in polarized deep inelastic scattering

)} jorsm rule
Ellis-Jaffe sum rule

virtual photon transverse asymmetry

1/2AO'T_- %(O:{/z 1/2)— QZ)—QZGM))

"‘57,,' in Bj. limit
A 8,(x) g2(x)
QZ —> () real photon absoption 1 /m ’ /mv2

Ao(v)=0,,,(v)~0,(v) <— gifference of helicity

_ - 87t g,(x,0% = 0) dependent photo-
Ao=- : “— absorption crosssections

v m

F,‘I(Q)—zmr(g)}’mﬁ;/gl[ )%

* wn Ao m °°Aol
m£ navzdv— Sn:zaj('l v V x GDH

1 .
- == ——KZ 2.7!2(1 2
) e

. M.Anselmino et al., Sov. J:Nucl. Phys. 49( 1989)136

G'enerag/jed G‘DH Suw /@u,ae
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Derivation of the GDH sum rule

Forward Compton amplitude
FO) = [ AOE T+ 00 E x B

HdO

General Principles

Lorentz invariance
gauge invariance

causality  relativity Asﬁiﬂﬁgﬁ? N
crossing symmetry .
analicity of amplitude £1£I}q fz(v) =0
l‘mmwumM *
‘ unsubtracted
<«——— dispersion relation

o

Re (9= P PILC gy
]

_ Optical theorem
| Im£(M) =5=( 5 (D= G (W)

Low energy theorem

"0y = %
fz(o)—avwo Zm‘K

R e

GDH sum rule
w Oy, (V)=0,(V) _ 2n%0 )
J dv ) (Kp,n
Y. . v mp,n




;)l 19.0ct 2001 JPS-APS joint meeting at Mauj

Mainz GDH Experiment

g:‘f

g

'S ‘I‘agged photon facility of the Mainz MAMI accelerator
oo : suitable for pol. electron acceleration

e Circularly polarized photons
produced by bremsstrahlung of Iongltudmaﬁy polarized electrons

polarized electrons -
Pe ~ 70 — 80 % (strained GaAs source), pol. reversal 2Hz
electron beam energies; 525 and 855 MeV
polerization measurement = Méller polarimeter{in tagging spectrometer)
» Tagging spectrometer(Glasgow, Mainz)

352 ch hodoscope, 0E, ~ 2 MeV
“tagging range: 50MeV < E, < 800MeV

+ Longitudinally polarized protons: frozen spin target(Bonn—Bochuml-Nagoya)
polarized butanol (C;HIOHT), $20mm x 19mm
Prucz. = 90 % at 2.5 T{movable polarizing coil)
data taking in frozen spin mode ‘
T ~ 200 hours at T ~50mK, B=0.4T(internal thin coil)

& detector system
geometrical acceptance:
DAPHNE ( 159° < © < 21°) (Saclay, Pavia)
MIDAS ( 17° < © < 7°) (Pavia) , = micro-strip detector
STAR-FFW (6 < 5°} (Tibingen, Mainz)
Cherenkov (e* veto) (Gent)
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experimental mode
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[GDH setup at ELSA |
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Foiward

<
components CO Cerenkov Central components
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STAR-Detector

Photon beam

Central components
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Far-Forward-Wall
CAD-module (FFW)

Johannes Gutenberg-
Univ. Mainz

¥ Rheinische Friedrich-Wilhelm—-

' Univ. Bonn
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Helicity-Dependent Total Cross-Section on the Proton
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SPrings ACCELERATOR COMPLEX

e\ e

A ety
N 5 Y
e N

7.Nov.2001 EMI2001 Osaksa

aq

The running GDH integral from 200 MeV to Bonn energy
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forward part

- GDH Experiment at SPring-8
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Yield Estimation

1st ﬁﬁé;é 2nd phase
energy range (GeV) 1.8-2.4 2.3-2.9
[aser wave length 35inm 266 nm
laser power w 0.3wW
tagged photon intensity(full spectrum, /s) 2.5x10A6 5.7x10AS
tagged photon energy(GeV) 1.8-2.1 2.1-2.4 2.3-2.6 2.6-2.9
tagged photon intensity(/s/100MeV) 1x10AS 1.3x10i/\5 2.1x10A4 | 2.3x10A4
tagged photon polarization 70% 90% 80% 95%
hadronic rate (full spectrum/s) 850 180
hadronic rate {/s/100MeV) 34 42 6.8 7.8
e+ e- pair rate(full spectrum, /s) 1.5x10A5 3.6x10A4
triggered e+ e- rate(/s/100MeV) -6 75 4 1.2 1.5

beam condition: target condition:

electron beam current: T00mA CH2,L=4cm
length of the interaction region: 4m Nt=2.4x10A24 nucleons/cmA2

laser spot size: phi=1mm

laser:
1st phase : Arlaser (UV)
2nd phase : diode pumped Nd:YVO4 + SHG

X4

: GDH@Jiab
4 ' . A
Faal nhiotoms ‘
Wiy hitons
S FUrn
Ftrgguiement of Politriced S oo
Funtoan i inebrahe Vs tion
Frator Roatioving uging L AR
£a3.00n
T . . Tha petiarresd Sogsnice P o G
A il Bt i Lops sned e Uy - dupendence o o
o avd g Mot CeusraovDiall Moo S M
Fhsiray Mesarly Rt Pl tor the Muuiron
o Y
-3 —
x10Q . Polarized e Strained GaAs source, P =75%
by C
‘L - Jiab microfron E < 6.0 GeV
€333 B 4 A
-E#1.6-4GeV- E = 0.8 - 4.0 GeV -
o h=1-15pA L=1-5nA
Q* = 0.01 - 1 (GeVic) Q' = 0.15 - 2 (GeV/c)

v

Moeller polarimeter]

v

SLAC type
high pressure polarized *He gas target
10 atm., Pr.,=40% atB =20 G

\ 4

Electron detection in 2 single arms
High Resolution Electron Spectrometer
High Resolution Hadron Spectrometer

scattering angles: 6, 15, 25, 35’

\ 4

Jlab-Univ, of Virginia
polariZed target
NH,/ND,, P = 60/40%
@B=5T,T=1K

\4

. CLAS detector
v, n and charged particle detection
8°<9<140" 0.1<p<4GeVic
Aplp < 1%, A8 =1° .

["Moelier polarimeter|
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Summary
1. COMPASS Experiment

* Muon Program has started.

*All necessry equipments have been installed in the hall (in
Sep. 2001). Some of those were not 100% (still missing).

*Muon beam( 1=2x108ppp) has been realized and polarized
farget with 6LiD achieved the highest polarization +58%
and -48%.

*Physics data-taking for 7, Oct. - 23, Oct. has obtained
1.6x109 events. Data analysis is going on.

2. GDH-Sum Rule

*The importance of the GDH sum rule test has been
recognized in connection with structure function g4(x).

*The helicity dependent cross sections have been measured
at Mainz and Bonn. The running GDH-sum(preliminary)
gives a little bit larger than that estimated.

*The experiment at SPring-8 has been accepted. |t will cover
the energy region 1.5 -2.9GeV. '
Hopefully, the measurement will be performed in 2004.
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Laser Electron Photon Experiments at SPring-8
Tomoaki Hotta> — RCNP, Osaka University
RIKEN School, Wako/Japan, Mar. 29-31, 2002

Abstract

This lecture describes the status and prospects of the Laser Electron Photon
experiments at SPring-8 (LEPS). SPring-8 is the highest-energy third-generation
synchrotron radiation facility, located in Hyogo, Japan. The LEPS beamline was
constructed for studying non-perturbative nature of QCD in a few GeV energy
region. The beamline produces the maximum energy 2.4 GeV polarized photon
beam by means of Compton backscattering of laser light off the electron beam
circulating in the ring. The first data was taken with a linearly polarized beam
from December 2001 and the analysis is underway. An overview of the LEPS ex-
periments is given and related physics topics are discussed. Photoproduction of
¢ can be a good tool to study gluon-exchange interaction at low energies because
the process is well described as a Pomeron-exchange at high energies and meson-
exchange is suppressed by the OZI rule. In order to study contributions from
meson-exchange, glueball-exchange, and s§ knock-out, precise measurements of
the cross section and the decay asymmetry have been carried out. N* physics
is another major subject in the LEPS experiments. Recent measurements for
Kt photoproduction at SAPHIR and GRAAL and theoretical works suggested
the contribution of a “missing” nucleon resonance at 1.9 GeV to the process.
The LEPS measurement covers the energy region just above the GRAAL. Pho-
toproduction of w at large angles also has been measured to study contributions
from “missing resonance” coupling weakly to #N but strongly to wN channel.
For studying the nature of A(1405), 77%~ and 7~ X decay modes are analyzed.
Significant difference of the resonance shape for these decay channels is predicted
by a theoretical model describing the A(1405) as a meson-baryon resonance state.
A time projection chamber has been constructed for the further study. For the
reactions with multi-y final states, such as ¢ — 7970, a 4 detector array which
covers the sideward and backward directions was constructed and tested.

Lhotta@renp.osaka-u.ac.jp
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SPring-8

(Super Photon ring-8 GeV)

RIKEN-QCD-School, March 2002

Laser Electron Photon
Experiments at SPring-8
T. Hotta (RCNP, Osaka University)

- Laser Electron Photon Beam at SPring-8
» Overview of the LEPS Experiments
* Physics Topics and the Recent Status
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Energy Spectrum of the LEPS beam
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Photon Energy Tagging

Tagging counter Ey = Ee + Elaser - Ee'
Compton Scatterig (SSD + Plastic Scint.)

Smm W + 1mm Cu

8GeV Circulating Electron

30 MeV/mm
,1_,Samamd Electron
E Mutti~fine UV 1E
400 L -
[ Envinee Window N e
R !

-Vacuum Chamber Wall 200 Fretend cnrton

Analog Readout SSD
(Tap View) {100 ym pitch)

'l SN T R [NWE ENWE I
4
10mm Pb + 5mm Cu D] = 100 150 200 250 00 as0 00

-Tagging Region : 1.5 GeV<E;<2.4 GeV

Vector Meson Photoproduction

Vector Meson Dominance

. Y fluctuates into quark-antiquark, interacting as hadron

. q _
WVQNVQ“‘” q=p, 0,0 ...

q
Y p’a)
Meson Exchange
Dominant at low energies N O D)
Pomeron Exchange Y | ‘ P,®,0

Small energy dependence

N G 29
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‘Cross section of Vector Meson Photoproduction

o~ M.A. Pichowsky and T.—S. H. Lee
'@‘@\, TP —pp PRD 56; 1644 (1997)
10 \ L dbo
o) [ =~ Prediction from
b 1 Pomeron exchange
1k V
F - — = Prediction from
meson exchange
1 g e 2 4 1||lIO r A1 l'l 1 l{m 2

W (GeV)

FIG. 15. Energy dependence of p- {top) and ¢-meson (bottom) Data from: LAMP2('83),
" photoproduction cross sections. The solid curves are the predictions DESY('76), SLAC('73),
from our quark-nucleon Pomeron-exchange interaction. The dashed CERN('82)
curves are the predictions of the meson-exchange model discussed Q18 104 1
in the text. The p-meson data (triangles) are from Refs. [35,36,44— FNAL(79,182), ZEUS(95,96)
47]. The ¢-meson data (squares) are from Refs, [41,44,46,48].
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Trigger

* Photon requirement

— Tagger hit about 30 Hz for 800 kHz at tagger
— No signal in charge veto ’

'+ Charged particle production Charge veto
— Start counter
—~ TOF hit

AC

Target

* e*e veto
~ AC (n = 1.03)
* p,<0.6 GeV/c Start counter

Particle Identification

Velocity vs momentum

2.

0.8 - ¢

0.6

01 -

0.2 -

i L ! I 1 L
0 0.5 1 1.5 2 2.5 3
Momentum (GeV/c)




Reconstructed mass spectrum

Counts

S

1 2 3
Mass/Charge (GeV/c?)

Physics Programs

* July 1999, First Laser Electron Photon Beam at SPring-8
 March 2000, Detector construction completed
* December 2000, Physics runs with Liq. H, target

Photoproduction of ¢ meson near threshold.

— Forward angles
- — Proton target, Nuclear target

Photoproduction of K
Photoproduction of ®
Photoproduction of A(1405)
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¢ photoproduction near production threshold

Titov, Lee, Toki Phys.Rev C59(1999) 2993

-2
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P -> ¢p

— T,
— PPz, 0NN

P2 : 2™ pomeron ~ 0* glueball (Nakano, Toki (1998))

Photoproducion by linearly polarized photon

In ¢ rest frame (Helicity frame)

Decay Plane //%

if natural parity exchange

Polarizationy| =
vector of ¥

=1

(Pomeron, Scaler mesons)

D.ecay Angular distribution

Of([)»' ‘

‘Decomposition of

e natural parity exchange
« unnatural parity exchange



At high energies...

N
P —pPp
Ey=9.3
GeV Linear
Pol.

Ballam et.al.
PLD 7(1973)
3150

8

EVENTS/IO"
»
=]

O — K'K events

o' 90 180" 270" 260"
L/ .

H

o" 90° 180° 270" 360°
"y

p tends to decay into
direction of the photon

polarizaion.

*Natural parity exchange
dominate

«s—channel helicity is conserved.

What is the situation in

Yp —O0p near
threshold ?7?

LEPS,Spring—8
CLAS,J.lab.

Reconstructed mass distributions from K'K tracks

6(1019)
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Decay angular distribution of K* in Helicity frame
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Physics programs

» Photo-production of ¢ meson near threshold in
the forward angles.

— Pomeron (multi-gluon) exchange > meson
exchange.

— Search for additional multi-gluon (0* glueball)
exchange.

— Linearly polarized photons help to decompose

natural and un-natural parlty exchange
contributions.

— Complementary to the CLAS (Jlab)
- experiments.
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Strangerneéss Inside Nucleon

|2) = Aluud) + B |uud sS )

¢-knock out Process

Unpolarized cross section

A.l Titov et al., PRL 79, 1634

Ev =2.0GeV

2 o 10’ E E
B*=1% : ]
10% -
<
3
£ s
g 10
B
E 2 /s E
10™° 3 . /\\\ - I
3 VAN 3
ke ,/l AN E
: 4 N 3
1072 PSR R ST S S NS WU R 1 N
0 45 90 135 130
6 (degree)

FIG. 8. The unpolerized photoproduction cross section do/di(6) st W = 2.155 GeV
(E.f’ = 2.0 GeV). The solid, dotted, deshed, and dot-dashed lines give the cross section of VDM,

247 OPE, s3-knockout, and uud-knockout, rcspectively, with strangeness admixture B? = 1% and
{ba] = [bs| = B?/v/2. The experimental data arc from Ref. [59]. .



Polarized Photon + Polarized Target
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N* physics
* Properties of N*

— Understanding of the quark structure of the matter
* Missing resonance problem

— Nucleon resonances

Constituent quark models >> Observed (ln 7N
scattering)

. Photoproduction
» weakly couple to ntN, but strongly to wN or KA?

R4 | .
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Photon-beam asymmetry

Ey+p—K+A(1116) — o

023

S
4 (rac)
ZF O Fpep#C+%(1193) .
+, 03F
=
£ o2k
. &
=z 0.1
T L
Z °F
-0.1 ;—
~0.2f
U s e Y o 1 A B
0 1 2 3 4 5 5
ke (rac)

K* Photo-production with linearly polarized photons.

» Search for missing baryon resonances.

+« SAPHIR and JLAB data indicate a structure in the
p(y, K*) A cross-section around W=1.9 GeV.

+ Photon-beam asymmetry is sensitive to the
existence of the baryon resonance.

- Complementary to the experiment at GRAAL.
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enis

HNumber of evs

Photo-production of ® meson in u-channel.

s Detect p in the forward angle
and identify ® in the missing

mass spectrum.

+ Very sensitive to the g,
coupling.

» Sensitive to the missing
baryon resonances.

s+ Old data shows a structure
around u=-0.2 GeV.
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Experiment at

Doresbury
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- Oh, Titov, Lee
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Photo-production of A(1405)

qqq state vs. meson-baryon resonance.

Big change of the decay width in nuclear medium for
the meson-baryon case .

Chiral unitary model .
Need to identify the decay products (Xr)
Time Projection Chamber is constructed.

Nacher,Oset, Toki,Ramos, i 245!

Chiral Unitary Model
K=, KN, A, 020 nA ZoanJrZ—,ﬂ"Z”L,K“LE‘,KOEO

¢ ] ] B uw
K J + J + - _//— N'\'. .
\ A ¢ AR ¢ r /‘?}\\
| ! : 5 on b VAV
' : H g N p 7 ; ‘.¥\‘xl .
Y / K i “‘ .'. 3 - s ". “\
S \ 5 M 4 g d LAY
S - g ; AW
. . + \“ ';[ + 4\‘ ; l : W4
Y ' Y
{ : -
. ]
pooe. y 7 -‘g
Fig. 2. Diagrammatic representation of the meson-baryt é‘j‘
state interaction in the yp = K*A(1405) process.

1300 1400
C. M. sneray (MoV)
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. Murnber of Even’;}é- o

Preliminary Analysis for

vp — A(1405) Kr—X nt K*

Missing-mass
technique to
reconstruct X

from p(y,K*m)X
Possible to reconstruct
A(1405) from

invariant mass of
and X

§08 1. . 1.2 1
aV/ct) My for (7,n"K*)X

S(1285) > Am (32%)
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LEPS backward y calorimeter

To detect the multi photons produced O ->nn®
by n°n® decay, segmented calorimeter is used.

* Main detector

Lead scintillating fiber
252 modules

« Covered solid angle
2.08x (str)

0 :30°~ 100°
¢ : 0° ~ 360°

« Length of each module
22cm (13.7 X))

Reconstructed 2y event

2vy cluster selection

7® mass resolution ;: 19.8+0.1 MeV

Gno/mno o~ 15%
* m mass resolution : 54.5+1.5 MeV
o,/ m, : ~10%

O35 MeVy CH, target

547 MeV)

Events/ 5MeV

10

0 0.2 04 0.6 038 1 1.2 14

256 2y invariant mass (GeV)



4y cluster events

+ Six entries per event (,C, =6)

+ n%z% and nn events are observed.

2y invariant mass (GeV)
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Summary

s New photon beam facility in Japan.
— 2.4 GeV linearly polarized photons.
— Forward-angle spectrometer.
— Complementary to Jlab and GRAAL.
» Physics programs.
— Photoproduction of ¢ meson near threshold.

« Decay asymmetry measurement to separate various
contributions. -

¢ Search for strangeness content of nucleon.
— K* Photoproduction.

- Photon beam asymmetry sensitive to N* contribution.
— Photoproduction of ® meson in u-channel.

+ sensitive to N* and g y..
— Photoproduction of A(1405).

* Pin down the nature of A(1405).

* TPC to study the medium effect.

Summary

— 210 photo-production
e Search for o meson
« Gamma detector.
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Recent Results on Spin Structure of the Nucleon from HERMES

Toshi-Aki Shibata
Tokyo Institute of Technology / RIKEN

Abstract
The spin structure of the nucleon has extensively been explored by HERMES
experiment in the last seven years. HERMES is an polarized electron
scattering experiment off the polarized internal gas targets (H, D, 3He). It
uses 27.6 GeV electron (positron) beam of DESY-HERA.

The study of the spin structure of the nucleon was triggered by the result of
EMC experiment published in 1988, Sinc¢e then numerous experiments were
and are being carried out at CERN, SLAC, DESY, TJNAL, and BNL.

The success of HERMES experiment was, first of all, due to the polarized
electron beam and the polarized gas targets. The both were important
innovations. The electron beam becomes polarized by means of Sokolov-
Ternov effect after it is injected to HERA and accelerated to the highest
energy. The polarization of the H and D targets were as high as 85-90%. The
Ring Imaging Cherenkov Counter enabled us to identify hadrons in the
momentum range of 2—20 GeV/e. Produced hadrons were detected in
coincidence with the scattered electron.

By HERMES experiment the flavor decomposition of the polarized quark
distributions was carried out with the world-best precision. Hard exclusive
processes such as deeply virtual Compton scattering and exclusive meson
productions were studied in detail. Single spin azimuthal asymmetry was
observed in pion production for the first time. This has opened a new
possibility to study the transverse quark distributions in the nucleon. Gluon
spin in the nucleon spin was also studied.

HERMES will continue pioneering in the field of spin structure of the
nucleon.

shibata@nucl.phys.titech.ac.jp
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1. Introduction |
Deep Inelastic Scattering, e, 4, v + N
E > 20GeV

2 )
e, it :electromagnetic + weak
v:weak

g(x) : quark distribution
G(x) : gluon distribution

e & —
Bjorken x is determined from lepton kinematics %‘ &%
event by event: a beauty of DIS

Deep Inelastic Scattering

lepton K= F)

k=(ET)

e -

hadron
p= (E/,,E_;',)

hadronization
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proton
1

—==4 2+...

2 2

A=A Ad+ As
Flavor SU(3)
Magﬁetic Moments:
n@) =48 )—1/3 4 (d), -
p@m=4/3pd)—1/3 ),
p@/ plp)= —2/8, Experiment —0.685

Spin:
<p| S lp>=<p| 12 o) | p>=2/3
<pIS@Ip>=<p| V2 0@ |p>=—1/6

<p | S(u)+S(a) lp>=<p | 1/2(c () + ¢ (@) | p>= 1/2

u,u,d
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EMC (Européan Muon Collaboration)

0.21- - ¢ EMC
0.1gl ELLIS-TAFFE SUM RULE ¢ SLAC
0.15F
peY .
© 0;12:__*___% H
i}; —~_~- T S~
% 0.09- % \%\%
tad ~
T ook {é\é
0.03¢ 4y
O X ] 1 -

001 002 005 01 02 05 Lo
X

J. Ashman et al., Phys. Lett. B206 (1988) 364,
J. Ashman et al., Nucl. Phys. B328 (1989) 1.

AT = du+ Ad+ As= 0.120 = 0.094 = 0.138

together with SMC, SLAC Experiments

262
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. \‘\ .
~g= v P E) "‘.
Target Nucleon ;
(/\
]

d

DIS data are used also for Analysis of pp Collider Data

Parton-parton collision

Aq(x).AG(x)
q(x)  G(x)

AL o

etc
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| The polarized electron beam at HERAW'

Lansverse
polarization

Yansverse
pmhnmewr -

Sy
e

=pin rotator

spin rotator

HERMES

*  Self-polarization by emission of synchrotron radiation
= Py(l) = Py [l-exp(-t/ )]
*  Spinrotators + longitudinal polarlzatlon at HERMES [P
* 2 Compton polarimeters
* Average beam polarization <pp>~3535%
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Polarized target | -
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Undiluted internal

40 cm long open-ended storage cell

targets ;

— H,D,He longitudinally polarized atoms
Laser driven polarized 3He (1995) :
= Pr=46 %, =10" Nfem?, Aty ~ 10 min
Atmic beam source for polarized H/D (1996 ~ 1999)
= Pr=929%, =7-X10" N/em?, 4 taip~ 1 min
Unpolarized gases :
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Beam-Induced Nuclear Depolarisation in a Gaseous Polarised Hydroeen Target

Phys. Rev. Lett. 82 (1999) 1]64-1168
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e = -, - DUal-Radiator-Ring Imaging
ToEEr e Y T Cherenkov “(RICH). Detector

© PMT matrix

Soft steel plane
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150 em

et vy
rgtons

‘Track of
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LR Hirror
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* Dual-radiators
~ Silica aerogel : index of refraction n= 1.0304
- C,FR, gas: index of refraction’ n = 1.00137

+ Photon detector : '

- 1934 PMTs with diameter 3/4 inch for each
half

Particle Identification with RICH
Reconstructed angle:
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‘Spin Physics from HERMES

Inclusive Measurement: g (x)

Semi Inclusive Measurement:
Hadron identification -> Au, Add, As ..
Pairs of Mesons -> AG '

Single Spin Azimuthal asymmetry -
Collins fragmentation function
-> h(x)

SRR
Ky
o

Physics OQutput from HERMES

Unpolarized Scattering

Violation of Gottfried Sum Rule
-> Flavour Asymmetric Sea

Nuclear Physics:

Coherence Length of 0 Production,
Heavy Targets (D, He, Ne, Ar, Kr, Xe)
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ILC

Instrumental:

K. Ackerstaff et al, Beam-induced Nuclear Depolarization in a Gaseous Polarizad
Hydrogen Target, Phys. Rev. Lett. 82, 1164-1168 (1989).

K. Ackerstaff ot ul., HERMES Spectrometer, Nucl, Instram. Methods A 417, 230-
265 (1998).

N. Akopov et al,, The HERMES Dual-Radiator Ring Imaging Cerenkov Dotector,
Nucl Instrum. Meth. A479, 511-530 (2002)

< Flavour Asymmetry of the Sea Quarks >

u(x)<d(x) inthe sea of prot

Discovery of Violation of Gottfried Sum Rule by NMC:
Phys. Rev. Lett. 66, 271 (1981)

Phys. Rev, D60, R1-R3 (1994)

x-dependence of the Sea Quarks by HERMES:

K. Ackerstaff et al., Phys. Rev. Lett. 81, 5519-56523 (1998).

< Inclusive Measurements >

K. Ackerstaff et al.: Measurements of the neutron spin structure function gt with a
polarized *He target, Phys. Lett. B404, 383-389 (1997).

A. Airapetian et al.:Measurement of .the proton spin structure function gf with a
pure hydrogen target, Phys. Lett, B442, 484-492 (1998).

< Flavour Decomposition >

K. Ackerstaff et al.:Flavor decomposition of the polarized quark distribtuions in
the nucleon from inclusive and semi-inclusive deep-inelastic scattering, Phys. Lett.

B464, 123-134 (1999). -

< Gluon Polarization >

A. Ajrapetian et al.:Measur.emer.xt of the spin asymmetry in the photoproduction of
pairs of high pr hadrons at HERMES, Phys. Rev. Lett. 84, 2584-2588 (2000).

< GSingle Spin Azimuthal Asymmetry in Semi-Inclusive |
Measurements >

A. Alrapetian et al.: Evidence for a single-spin azimuthal asymmetry in semi-
inclusive pion electroproductiqn, Phys. Rev. Lett. 84, 4047-4051 (2000).

< GDH Sum Rule >

K. Ackerstaff et al.:Determination of deep inelastic contribution to the generalized
Gerasimov-Dréll-Hearn integral for the proton, Phys, Lett. B444, 531-538 (1998).

K. Airapetian et al.:The Q“—dependence of the generalized Gerasimov-Drell-Hearn.
integral of the proton, Phys, Lett. B 494, 1 (2000).



Proton Spin Structure Function g.F (x)
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Hard Exclusive Process
Experiment: '

HERMES, A. Airapetian et al., Phys. Rev. Lett. 87 182001 (2001),
‘Measurement of the Beam-Spin Azimuthal Asymmetry Associated with
Deeply-Virtual Compton Scattering’ .

HERMES, A. Airapetian et al., hep-ex/01122022, submitted to Phys. Lett.,
‘Single-Spin Azimuthal Asymmetry in Exclusive Electroproduction of 7+
Mesons’ :

Theoretical Motivations:

Off-forward (skewed, generahzed) Parton Distribution
= 1242 +L

F.-M. Dittes et al., Phys. Lett. B 209, 325 (1988).
D. Mueller et al., Fortsch. Phys. 42, 101 (1994).
A.V. Radyushkin, Phys. Lett. B 385, 333 1996).
X. Ji, Phys. Rev. D 55, 7114 (1997).
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Exclusive Processes

Deeply Virtual Compton Scattering Pion Production

Exclusive Photon Production

Deeply Virtual . Bethe-Heitler
Compton Scattering - Process



Azimuthal Angle ¢

Dependence on

| Dependence on
Azimuthal Angle ¢

Beam Helicity
= ‘ 4 = ;
<« 06 %3 0.6 2‘p—)e*'yx ® Agpam =+1
. _+_ < B Agparm =1
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Missing Mass Distribution
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Exclusive Pion Productions
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Dependence on Azimuthal Angle ¢
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Summary {;M
HERMES is a Polarized Deep Inelastic Scattering Experiment
at DESY-HERA with 27.6 GeV positrons(1995 -). The

longitudinally polarized targets were used. The transversely
polarized target will also be used.

With RICH Identification of 7, K, p is possible. Inclusive
and Semi-Inclusive Measurements were done.

Quark flavor decomposition of Spin Structure Function was
done. '

Azimuthal asymmetry in semi-inclusive measurement was
observed.

Exclusive Processes ( Deeply Virtual Compton Scattering and
Pion Productions) were identified with the HERMES Detector

HERMES will continue pioneering the Nucleon Spin.

Structure.
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Hadron Physics in Kakuriken

- S11(1535) in nuclei observed with the (vy, ) reaction -
H. Yamazaki - Laboratory of Nuclear Science, Tohoku University

RIKEN School on Quark-Gluon Structure of the Nucleon and QCD’
RIKEN, Mar. 29-31, 2002

Abstract

This lecture describes the recent results obtained at Laboratory of Nuclear
~Science (Kakuriken), Tohoku University on the property of the S;;(1535)
nucleon resonance in nuclear medium.

S11(1535) nucleon resonance is one of the candidates of the chiral partner
of the nucleon. It is very important to investigate the property of the Si;
in nuclear medium to explore the chiral property of the nucleon. The 5
- photoproduction reaction can be used as a probe for the S;;(1535) in nuclei
because the low energy behaviour of the 5 photoproduction is governed by
the S;;(1535). In order to investigate the property of S;;(1535) resonance
- in nuclei, we have carried out the (v,7) experiment on C, Al and Cu at
Kakuriken, Tohoku University.

Since 1998, 1.2 GeV electron synchrotron called STretcher-Booster-ring
(STB) has been in operation at Kakuriken. We constructed the photon
tagging system which provides the tagged photon beam with its energy range
from 0.8 GeV to 1.1 GeV. The tagged photon beam bombards the nuclear
targets and produces n mesons. Two y-decay of 7 meson is detected by the
pure CsI calorimeter. The  photoproduction events were identified from the
other background by using invariant mass analysis of 2-y. The cross section
of the (v, n) reaction on C, Al and Cu have been deduced. Our results suggest
that the width of S1;(1535) becomes about 70 MeV broader than the natural
width in all target nuclei, i.e. C, Al and Cu.
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29/Mar/2001@RIKEN School

Hadron Physics at Kakuriken

- $11(1535) in nuclei observed with the (v, 1) reaction -

Hirohito Yamazaki
(Kakuriken - Laboratory of Nuclear Science -, Tohoku Univ.)

+ Introduction

- Photoabsorption

- Pion photoproduciton

- Eta photoproduction
+ Experiment

-:Accelerators in Kakuriken

- Photon tagging system, LNS Tagger

- Photon detector, SCISSORS and more
+ Restlis

- Yeild and cross section

- QMD calculation and resonance in nuclei

Introduction How dose the N* behave in Nuclei?

Three u and/or d quarks

Total photoabsorption on nuclei N (isospin 1/2)

w ' A (isospin 3/2)
3 Two u and/or d quarks
§ " A (isospin 0)
E ow | D13 ] ¥ (isosipn 1)
H D . Fis One u or d quark
g wor 2-* » an L t* e ] = H
: ¢ m‘m‘ﬁ‘ﬁ‘*" = (isospin 1/2)
§ wp : No u or d quark

. e Q (isospin 0)

0 200 400 600 800 1000 1200
_ Photon energy [MeV] - Orbital angular momentum of N-x
Total photoabsorption cross section par nucleon (D, Be. C, U) T
[N. Bianchi et al. Phys.Lett.B309(1993)5 ctc.]

3
YA
isospin  spir
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Disappearance of N* and collision broadening

Large collision broadening ~ 300 MeV
L.A. Kondratyuk et al., Nucl. Phys. A579 (1994) 453
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S11(1535) resonance in nuclei

Chiral symmetry with spontaneous

. g 18 F
breakdown: impertant conceptin g 16 F s
the hadron dynamics Bk
10 E
S11(15635) . 8 E
A candidate of a chiral partner o
of nucleon? 2
0 ™ ettt
600 650 700 750 800 850 600 6501000
Partially restoration of chiral EMeV]
symmetry in nuclear medium [B. Krusche et al., Phys. Rev. Lett. 74 (1995) 3736]
] . Wilhelm. Ph.D. Thesis, Bonn, BN-IR-93-431
Mass, coupling and so on 3. Homra et el o, Phvs. Soc. JPN. 57 7 985} A28

[D. Rebreyend et al., Nucl. Phys. A6638664 (2000) 436c)
C. DeTar and T. Kunihiro Phys. Rev. D39 2805(1989),

D. Jido et al. Nucl. Phys. A671(2000)471 Large branching ratio to N-n (35 ~ 55 %)
. . . Most of the i} photoproduction occur
Mass and width of S11 in Nuclei? via S11 resonance up to 1 GeV

Chiral structure of nucleon and nuclear resonance

S11(1535) resonance in Nuclei

(Y, m) reaction cross section
on C at KEK(Tanashi)
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Discrepancies around 300 MeV?

Precise and systematical study
in LNS, Tohoku University

T R R ) QE%[}M}EDO
T.Yorita, H. Yamazaki et al. T
Phys. Lett B476(2000)226
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Accelerators at Kakuriken

300 MeV electron linac

L N - : { 35 years old )
; ’%@{\‘ ® ;- ' ’

i : ™ .\\ et 4 -.:‘:ﬂ:.mm " - y - ‘ t ‘ ~\<7. T i1

. \\_:—\d’lﬂ-w;_v;%:a-mcﬂ ;»z—:&:vx-zgsﬂmmmaﬁz

$3.1.2 GeV tagged photon beamline. SCISSORS. NKS spectrometer
{2:1.2 GeV electron beamline : Interna! target
#3300 MeV pulse electron beam tine : Coherent SOR
4300 MeV continuous electron beam line: LDM
.5 300 MeV Tagged photon beam line :NE213 neutron counters

5160 MeV high intensity pulse beam line : Materia! science

LNS Tohoku 1.2 GeV STB ring

( STretcher Booster ring )

Liniac electron beam
(200 MeV Maxmum)

¥

=¥
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Photon tagging system

- STB Tagger
High energy photon detector

SCISSCRS
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9 STB bending magnet
N
N =1 gl

N

L

Concrete shield |
] Fure Csl crystal detector
SCISSORS! for photons }

Beam profile monitor

Tagging counters and tagging magnet

s M ] ¥ . T Y i3 om my P
Momentum of recoll electrons — £73 banding magrst

ybeam

[
v
v
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ca::bon radiator

Electron bea v ///:"?7/:}/ '
| s : v Sl : TP
e=1.2 GeV % //7/ ¢ . DEL Sy i ! H H Lol
' Ee=100 MeV : i2chb

—_— . f
ey NN § i - - lalad
24 87 Mmain ooUnisrs - T2 on

// / / Maln counter : 5mm in thickness
Yt Lty A = 4 : .

Seoindiligtion

Tagging range :
0.8~11 GeV(Ee=1.2 GeV)
0.62 ~ 0.85 GeV (Ee = 0.93 GeV)
Energy bin: 6 MeV (Ee = 1.2 GeV)
Tagged photon flux : 107 tagged v/ sec
Duty factor : ~ 0.8
Tagging efficiency : about 90 %
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Radiator Control

1.2 GeV flat top

(5~30sec)

>

D 1.2GeV -

8 Radiator on

S .

= 11 wm carbon fiber

5 245 Position resolution 2 um

ﬁ 0.2 GeV £ Triggered by the accelerator

>
Injection Injection
Acceleration
1second
— =)
130 mm

Radiator position and counting rate of tagging counters

Radiator position {Center:24.5mm .
10%¢ P ( g Electron beam profile
)
B 10t —1F 5o | o
o =L °F ! r P
n C 12r 0.97 mm <] 09653
S10°F Kot !
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102 O 6
O N |
>
10 L @ 2F '
R ) et 00',0 ! 1 [ I boo s
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seconds
Beam intensity: Radiator position control
reduced exponentially with fixed radiator position Constant photon flux
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Photon flux control

Radiator position : 3.6 mm to 3.0 mm from the beam center

(6=1.0mm)
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SCISSORS

(Sendai Csl Scintillator System On Radiation Search)

o
s fee 300 ——
I, =

206 ch pure Csl crystal array
(about 1 sr.)

Energy resolution ~ 2% at 1 GeV
Position resolution ~ 3 cm

( Energy weighted average )
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Detection of eta mesons

n — 2y decay

Particle IDentification :
Plastic scintillators for charged particle veto

Energy :
Sum of light outputs of 7 crystals
Position and momentum vector :
Energy weighted average of crystal centers

M, = N(E, —E. 7 -(p, — 5.}
4
10F
19|
F Exponential + Gaussian
J
101
L) o=24.4MeV
10} P
1)
E : :[ Il’:. .Ulﬂ ﬂlﬂ L.

“100 200 300 400 500 600 700 800 900 1000
Invariant mass of 2y ( Myy)

0 L. . . : .
0 2000 3000 4000
ADC [Ch]
> E. x X
X = G — p'\/ = Ew/_.—.—‘
ZE; "l
Myy ~ 140 MeV/c2 0

550 MeV/c2
AM() ~ 22.4 MeV/c2
(~ 4%)

Subtracting the background
as the exponential function

- Double differential cross section

Total cross section of (y,n)
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Double differential cross section
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Consistent with previous data
measured in Mainz and KEK

Better statistics than KEK data
at around 800 MeV

New data points over 1.0 GeV
of photon energy

N* property in nuclear medium?



QMD(Quantum Molecular Dynamics)

Initial state

. : . Ground state (**C
Ground state — Fermi motion, charge dist. 0

1 (r- ) ;
0:R;,P;) = (2nL)?3 eXP[ oL, "'ﬁ P]

dR; _ oH dP; _ aH

= ZW v 4r[fmﬁ
Z(p) %z(p,)r o
,J%,) IR _Rl erf(|R, R;{/V2L) o2l
Eij%i) Py
L=06fm 4=-248MeV, B =141 Mev,  *°6=Cr 05 Pl

po=0.168 fm>, C,=25MeV, 1=4/3

QMD(Quantum Molecular Dynamics)

Excite one nucleon

i N : M Y e g nm o
YN — S fininal channgt

g 18 F g
® 16 F p(¥:n)
14 F
12 F
10 F \
8 F -
6 F MR = 1540 MeV=y
ka2 sy 4 F To=150 MeV 7
Gyp—smp = A (K) ; 7 2 - 2 2 F bﬂ—() 35
- (b'MS.,) _'—Sl—tot 0 =, ... Lasaadoszaloaaalosialaas
ks 600 650 700 750 800 850 900 9501 000
Iy =by 1—)r E[MeV]
I =brxn Doy Iy = b xq T [B. Krusche et a, Phys. Rev. Lett. 74 (1995) 5736]
. ir“"‘" Phi *ess Bor BN-1R-93-43]
F[_Ql = rn + Tn = (bn Xg — bn )U‘] ru :“' oo v'v\‘:-:-_ Soo PN AT 1388 52T

[D Rebreyend et al Nucl. Phys. A663&664 (2000) 436(:]

_ Gny €+ Gy
T Gram © + G Recent result of (e,e'p)n at Jlab ~ 154 MeV

Xum)
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QMD(Quantum Molecular Dynamics)

Time evolution

Si = n+ N, n+ N (decay)
St + N — N + N (collision)
N+N—-Su —-n+N,t+N(FSI)

N absorption

2
q
NN>TN:  Oyniss, —mn =_12£ * OnNsnv
dn El
NMN-NN:  Oppysss, N = OqNess,—an * T,
RN collision
_ dpn dOpN_NN
rRN—)NN'A‘Yf e )2 ,.fdQ Q—) PyPyS

S : upper limit of the NR — NN cross section (80 mb)

Nuclear medium effects in QMD

iy
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Comparison ith QMD

C(y,m) reaction s section T'r =150 MeV
ro |
120 (y;n) reaction cross sec Cannot reproduce the data
n L
% I To explain the data
- e LNS tohok t data, ’
or KEthn:s‘I;i(presen S I'r=230 MeV
S Maintz
: L Other parameters are same
80|
L L U B Ts= 150 MeV
gol  TrmEOMeY 4“ +} . Increase Helicity amplitude
l e 125—140 x 102 GeV"?(12%)
a0} R or
i S+— Nn branch
L b coupling constant x 1.25 0.55—0.69 ( 25% )
20
X Other effect
. .A.‘A‘ I R B U R RS Coherent production (iso-scaler) : samil
gDO 600 70 800 900 1000 1100 Two step ( via D13(1520) ) : less than 5%
Ey(MeV)
Summary

(v, m) cross sectionon C
Fermi motion, Pauli blocking, n-absorption and collision broadening
could not explain the data

Increase T’y ( 150 MeV to 230 MeV )
or
Increase helicity amplitude or Nn decay branch

“ Ty oy 1 o fvm oy N o
glse : charnged v nucis!

Wt

Width or Coupling or somethin

€2

(v.n) reaction on other Nuclei ( Al, Cu )
nN interaction

292



Upgrade programs
Proton and deuteron target

wm f'f crw-«;/uw wmw ,."»mmm-v—

Sal B éﬁ Mt:}.‘

Large solid angle
crystal array complex

Csl {existent)
+ PWO { forward )
+ BSO ( barrel )

c — 2rY — 4y detection
D13(1520) — 210+ N

Csl + PWO (forward )
+ BSO ( barrel )

o — 270 — 4y detection
D13(1520) — 279+ N
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March 29 (Fri)

9:30 - 10:00

Beginning of School

10:00 - 10:15
10:15 - 11:15
11:35 - 12:35
Lunch

14:00 - 15:00
15:30 - 16:30
16:50 - 17:50

18:00 -

March 30 (Sat)

9:30 - 10:30
10:50 - 11:50
Lunch

13:00 - 14:00
14:20 - 15:20
15:50 - 16:50
17:10 - 18:10

March 31 (Sun)

9:30 - 10:30
10:50 - 11:50
Lunch

13:00 - 14:00
14:20 - 15:20
15:30 - 16:00

End of School

Program of the School

Registration

Orientation
Soper (1)
Oka (1)

Yamazaki
Goto
Hatsuda (1)

Reception

Oka (2)
Soper (2)

Shibata,
Horikawa
Hatsuda (2)
Oka (3)

Soper (3)
Hatsuda (3)
Hotta

Akiba
Summary
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Volume 39 — RHIC Spin Collaboration Meeting VII - BNL-52659
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Volume 30 — RBRC Scientific Review Committee Meeting — BNL-52603
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Volume 28 — Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD — BNL-52613
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Volume 26 — Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics — BNL-52588
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Volume 17 — Hard Parton Physics in High-Energy Nuclear Collisions — BNL-52574
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Volume 2 — Perturbative QCD as a Probe of Hadron Structure — BNL-64723

Volume 1 — Open Standards for Cascade Models for RHIC — BNL-64722
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Quark-Gluen Structure of the
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Through collision
Generate new states of matter.
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